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Section 1: Introduction 
 
In D1.2 [1] an interim report was presented on the development of a computational model for 
the prediction of the initiation and growth of damage in composite bolted joints based on the 
stiffness reduction scheme. The present report describes developments to the model since 
D1.2 which include developments to allow modelling of non-linear transverse and shear 
behaviour. Also described are some studies on lamina and laminate failure analysis which 
have helped to clarify the effects of shear stress in failure of composites, as well as the 
application of the models to single elements, and specimens with holes subjected to tensile 
loading. Comparisons with experimental tests from Workpackage 3 are made.  
 
This report is organized as follows. In this section, the physical processes in failure are 
discussed. Subsection 1.2 discusses the effect of matrix cracking on the laminate. Failure 
criteria for composite materials are discussed in subsection 1.3. The material properties that 
are affected, for different types of failure are discussed in subsection 1.4. 
 
Section 2 addresses lamina failure analysis and applies three different failure theories to a 
lamina subjected to a multi-axial state of stress. The significance of shear stress is addressed 
on lamina with varying fibre angles is investigated.  
 
Section 3 deals with laminate failure analysis. Failure analysis of a cross-ply laminate is 
performed. The failure analysis involves first ply failure analysis and post-first-ply-failure 
analysis and numerical results are presented. 
 
In Section 4, the developed progressive damage analysis (PDA) procedure is applied to single 
elements. Both solid element and shell elements are considered for this purpose. In each case 
0, 90 and 45 tests are conducted. 
 
In Section 5, PDA is applied to open hole tension (OHT) specimens made from S2-
Glass/epoxy. Quasi-isotropic and cross-ply lay-ups are considered. Damage propagation 
figures are shown. 
 
In Section 6, PDA is applied to OHT specimens made from HTA/6376 carbon/epoxy. Load vs 
extensometer deflection figures for quasi-isotropic, zero-dominated and cross-ply lay-ups are 
shown. Damage propagation figures are shown for the OHT specimen with QI lay-up. 
 
In Section 7, a multi-linear approximation method is used to incorporate shear nonlinearity 
and transverse nonlinearity into progressive damage analyses. Shear nonlinearity is considered 
first. For this case, the method is described in detail. Single element test results for this case 
are shown. The multi-linear approximation method is then applied to transverse nonlinearity. 
For this case also single element test results are shown. 
 
In Appendix A, python scripts which aid faster processing of ABAQUS results, are presented. 
Appendix B describes one AWK program which extracts elements (from an ABAQUS output 
file) with the condition that all the integration points have failed in the tensile fibre mode. 
Appendix C describes software for automatic generation of (i) ABAQUS data lines under the 
ELASTIC option and (ii) code lines needed in the USDFLD program for implementation of 
the transverse nonlinearity. In Appendix D, the ABAQUS file for single solid element test (S2 
Glass, 90) is explained. 
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1.1 Physical processes in failure  
Before discussing the various theories that can be applied to the individual plies of a laminate, 
it is useful to consider the physical processes involved in failure. In typical polymer-based 
composites, the resin has sufficient elongation capability that fibre failure occurs before resin 
failure in the usual unidirectional tension coupon test with the load parallel to fibres. On a 
more detailed level, it is believed that the matrix plays a significant role in bridging around the 
individual fibre breaks that occur at weak points in the fibres and that the ultimate fibre failure 
occurs when a sufficient amount of these individual fibre breaks are coupled together. 
 
From a macroscopic, ply-level viewpoint, fibre failure is characterized by either the tensile 
stress or tensile strain at failure in the unidirectional specimen. The situation is more 
complicated in compression, as both fibre and matrix play a role in determining the strength. 
 
When tested in a direction transverse to fibres, the composite typically fails in the matrix at a 
transverse strain level often significantly less than the failure strain of neat resin and also 
much lower than the fibre failure strain under axial loading. The higher modulus fibres are 
thought to serve as stress concentration points so that the ply transverse strain is much lower 
than the neat matrix failure strain. As a consequence of this lower transverse strain to failure, 
a laminate may exhibit matrix failure in the transverse plies (relative to the major loading 
axis) well before failure of the fibres that are in the loading direction. Thus, for example, 
matrix cracking will occur in a [0/90] laminate in the 90 plies if the loading is in the 0 
direction. This matrix cracking is the first manifestation of laminate failure and has been 
studied extensively. As the loading is increased, further matrix cracking will occur, forming a 
more or less regular spacing.  
 
1.2 Effect of matrix cracking on the laminate 
The matrix cracking tends to reduce the effective transverse properties of the ply. A number 
of studies have, in fact, attempted to model the reduction in transverse stiffness with matrix 
cracking, using averaged continuum properties. 
 
It is important to note, however, that matrix cracking may or may not lead directly to ultimate 
laminate failure. If the laminate loading is carried primarily by the matrix, then matrix 
cracking and subsequent softening can lead directly to failure. However, in most practical 
situations, the laminate is designed so that the load is carried by fibres, to take advantage of 
the strength of the fibres relative to the weak matrix. In these cases the ultimate strength of the 
laminate may be several times that of the load corresponding to the initiation of ply cracking 
and corresponds to failure of fibres. In typical carbon/epoxy laminates under static tension 
loading, the stress-strain response may be quite linear up to failure, with the softening of the 
transverse properties due to matrix cracking being counterbalanced by the stiffening of the 
fibre with loading. 
 
Matrix cracking and ultimate laminate failure are typically separate events and must be 
considered separately. Thus separate failure criteria must be established for matrix cracking 
and fibre failure. A large number of possible failure criteria have been suggested for use with 
composite materials. However, almost all of these are derived from applications to materials 
other than laminated composites, and as a consequence they do not differentiate between the 
modes of failure. As such, they can not be applied in a rational manner to composite laminates 
on a ply basis, where it is necessary to distinguish between matrix and fibre failure. 
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1.3 Failure criteria for composites 
1.3.1 Tsai-Wu stress polynomial 
 
Several failure criteria have been suggested for direct application to composites. The stress 
polynomial due to Tsai and Wu [2] is given in the usual quadratic form as 
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where the F terms are material constants and the stresses are the in-plane ply stresses. The 
various F terms can be easily related to experimental data on ply failure by evaluating the 
above expression for various simple material property test conditions. This gives 
 
ctctctct YY
F
YY
F
S
F
XX
F
XX
F
1
,
11
,
1
,
1
,
11
222266111
  
 
(1.2) 
 
where tX , cX  are the tensile and compressive strengths in the fibre direction respectively, tY , 
cY  are the strengths perpendicular to the fibres and S is the shear strength. The F12 term must 
be obtained from multi-axial tests on a lamina and is usually taken as either  
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The polynomial of equation (1.1) can be used directly to predict first ply failure, which may 
correspond to ultimate laminate failure if the major load is in compression and will usually 
correspond to matrix cracking if the major load is in tension. This criterion does not directly 
differentiate between matrix and fibre failure but can be interpreted as doing so indirectly by 
assuming that first ply failure corresponds to matrix failure and last ply failure corresponds to 
ultimate failure of the laminate. 
 
1.3.2 Two additional criteria 
 
Two additional criteria available for ply failure prediction are based on separating the above 
polynomial into two parts, one describing matrix failure and the other describing fibre failure.  
 
Hahn et al. recommend the following: 
 
Fibre failure: 
 
1211111   FF   
(1.3) 
 
Matrix failure: 
121266
2
22222   FFF   
(1.4) 
 
A similar proposal has been made by Hashin [3], who recommends the following: 
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Fibre failure: 
 
12126
2
111
2
11   tFFF  (1.5) 
 
Matrix failure: 
 
121266
2
22222   FFF  (1.6) 
 
 
1.3.3 Failure criteria based on strains 
 
A failure criterion that is widely used for predicting fibre failure on a ply basis is based on 
maximum strain in the fibre direction. Because composites are often notably weaker in 
compression than in tension, two material property values are needed, and the criterion 
becomes 
 
 
tc 111    (1.7) 
 
where c1  and t1  are fibre direction failure strains in compression and tension, respectively. 
 
A strain failure criterion can also be used to predict matrix failure. The particular form of 
strain criterion used can vary; it may be as simple as considering the strain transverse to the 
fibre and the in-plane shear strain, as compared to their respective allowable values. It is also 
possible to reformulate an interaction formula in terms of strain. 
 
1.3.4 Stress values as a laminate failure criterion 
 
Stress values can also be used as a laminate failure criterion. The use of a maximum fibre 
direction ply stress criterion can give accuracy equal to that of the strain criterion if used 
properly. While it is true that the value of stress in the fibre direction depends not only on the 
fibre direction strain but also on the transverse strain, in fact this dependence on transverse 
strain is quite small due to the very low value of minor in-plane Poisson’s ratio characteristic 
of fibre composites. 
 
A problem exists in the nonlinearity of the composite laminate stress-strain response. While 
the stress-strain curves of laminates appear to be reasonably linear under tension loads, to 
within 5 or 10% to failure, in fact this is in part due to two counterbalancing sources of 
nonlinearity. In detail, carbon fibres show a stiffening behaviour in tension such that the final 
secant modulus may be on the order of 15% higher than the initial modulus. Conversely, 
matrix cracking and nonlinearity in shear can soften the off-axis plies. These effects tend to 
offset each other, so that the overall laminate response appears linear.  
 
If either an accurate nonlinear laminate theory is used or adjustment is made to the allowable 
fibre stress values to account for the nonlinearity in an approximate manner, the fibre 
direction stress can be used with accuracy equal to that of fibre strain. 
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1.4 Property Degradation Rules 
There are two aspects to consider when determining degradation rules: firstly what material 
properties to degrade after failure is detected in a particular mode, and secondly the degree of 
degradation to apply to these material properties.  
 
A deterministic approach is taken here in order to establish the material properties to degrade 
after failure has been detected in a particular mode. This approach idealises the material 
surrounding a given Gauss point as a single fibre imbedded in a cube of matrix material 
(shown for all failure cases considered here in figure 1.1). Depending on the failure mode, a 
flaw in the form of a matrix crack or a fibre break is introduced. The cube is then subjected to 
imaginary direct and shear loads and the resulting envisaged response determined from the 
mechanical behaviour of both the matrix and fibre yields how the moduli may be affected. A 
similar approach was taken by Gamble et al. (4) while studying the damage initiation and 
growth in carbon-fibre composite materials. The four different types of failure are discussed 
next.  
 
(a) Tensile Fibre Failure   (b) Compressive Fibre Failure  
 
 (c) Tensile Matrix Failure   (d) Compressive Matrix Failure 
 
Figure 1.1 Idealisations of the different types of failure in a composite material 
 
1.4.1 Tensile Fibre Failure 
If a fibre is detected to fail in tension, it is assumed that the fibre fails in a brittle manner in 
the form of a transverse crack and no damage initially occurs in the surrounding matrix. 
Figure 1.1a shows the idealisation of this situation. It is reasonable to state that if a load was 
applied in the 1-direction after the fibre fails, a strain would result in the composite with no 
corresponding stress in the fibre. This could be simulated by considerably reducing the 
longitudinal modulus, E11, of integration point (Gauss point). 
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If for instance, a load was applied in the 2 or 3 direction after fibre failure, then it could be 
argued that both strains and stresses would develop in both the fibre and matrix and hence the 
transverse moduli E22 and E33 would be unaffected. Applying a shear load in the 1-2 and 1-3 
directions would cause a corresponding shear strain, but stresses would probably only develop 
in the matrix as the fibre would tend to displace as a rigid body (since it is broken) supported 
by the matrix. Thus, shear stiffnesses G12 and G13 would thus lose their contribution from the 
fibre. This could be simulated by reducing shear moduli G12 and G13 at the failed Gauss point. 
If however a shear load was applied in 2-3 plane, it is reasonable to state that a shear strain 
and stress would develop in the fibre and the matrix and therefore the corresponding shear 
modulus G23 would be unaffected by a tensile fibre failure. In summary, the material 
properties that are affected by fibre tensile failure determined from this analysis are assumed 
to be E11, G12, G13. 
 
1.4.2 Compressive Fibre Failure 
Failure of a fibre in compression is usually associated with microbuckling or kinking of the 
fibres within the matrix. An idealisation of the fibre compressive failure buckling 
phenomenon is illustrated in figure 1.1b. Due to the catastrophic failure nature of this mode, it 
is difficult to determine what residual stiffnesses remain after fibre compressive failure. 
However, by applying the same approach used for tensile fibre failure, it is reasonable to state 
that the longitudinal modulus E11 would certainly be affected after failure although the 
modulus may not reduce to zero as the fibre could possibly still carry some compressive load. 
It is assumed here that the transverse moduli E22 and E33 are unaffected by fibre compressive 
failure. This is reasoned by stating that the fibre/matrix element shown in figure 1.1b is 
broken down into three smaller fibre/matrix elements after fibre compression failure occurs, 
which can still support transverse loading. It is further assumed that these elements cannot act 
together to support any shear load in any direction, consequently all shear moduli are affected 
by fibre compressive failure. In summary, the material properties that are affected by this 
failure mode are assumed to be E11, G12, G23, G13. 
 
1.4.3 Tensile Matrix Failure 
When a lamina is loaded transversely, it has been shown that peak stresses occur in the 
fibre/matrix interface in a direction tangential to the fibres as shown in figure 1.2. The high 
tangential stresses at these locations would tend to cause the matrix to crack along the fibre 
and this scenario is illustrated three-dimensionally in figure 1.1c. Hashin’s failure criteria do 
not distinguish between a tensile matrix failure occurring transverse to the 2- or 3-direction, so 
it is assumed a crack occurs in both the 1-2 and 1-3 planes, as illustrated in figure 1.1c. Since 
the fibre is not damaged by the matrix failing in tension, it is reasonable to state that the fibre 
can support direct load in the 1-direction and shear loads in the 1-2 and 1-3 directions, so the 
longitudinal modulus E11 and the shear moduli G12 and G13 are considered to be unaffected by 
this mode of failure. If however transverse loads were applied in the 2- or 3-direction after 
failure was detected, the matrix would simply lift away from the fibre and this can be 
simulated by degrading the transverse moduli E22 and E33. If a shear load was applied in the 2-
3 direction, considerable shear strain would result in the matrix. This could be simulated by 
reducing the shear modulus G23 at the failed Gauss point. In summary, the material properties 
affected are assumed to be E22, E33 and G23. 
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Figure 1.2 Local maximum stress in a transversely loaded unidirectional composite 
 
1.4.4 Compressive Matrix Failure 
 
In the current study it is assumed that moduli affected in matrix tension failure are also 
affected in matrix compression failure, therefore the moduli that are degraded after matrix 
compression failure occurs are E22, E33 and G23.  
 
1.5 Discussion 
The Tsai-Wu approach for ultimate laminate failure is conservative by large factors under 
conditions of multi-axial laminate tensile stress and non-conservative for multi-axial laminate 
compressive stress. The inherent problem is that the matrix and fibre failure modes are not 
clearly differentiated. The transverse stress terms are overly weighted with respect to fibre 
failure by being based on matrix failure. Fibre failure may indeed be influenced by the 
transverse stresses, but the magnitude of these stresses is essentially limited by the ability of 
the matrix to transmit these stresses into the fibre. In general a transverse stress that is large 
with respect to matrix allowables can still be small with respect to fibre allowables. 
 
Because the Tsai-Wu criterion is sensitive to the transverse stresses and overly conservative 
under conditions of multi-axial tensile stress, any reduction in the calculated transverse stress 
may serve to improve the accuracy of the criterion when applied to tensile stress states.  
 
The Hashin fibre failure criterion of equation (1.5) has an additional shear term as well as the 
fibre normal stress terms. For conditions where this shear stress is not large, this criterion is 
equivalent to the maximum fibre stress criterion. 
 
A discussion on the material properties affected for the four failure modes (tensile fibre 
failure, compressive fibre failure, tensile matrix failure, compressive matrix failure) has been 
given. 
 
In this section no numerical examples were presented. The mechanisms for complete laminate 
failure are best understood by first considering lamina failure. Lamina failure is discussed in 
the next section. 
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Section 2: Lamina Failure Analysis 
 
One difference between laminated composites and traditional engineering materials is that a 
composite’s response to loads is direction dependent. In order to analyse the response of a 
composite, we must be able to predict the behaviour of individual lamina. A lamina 
(considered a unidirectional composite) is characterized by having all fibres (either a single 
ply or multiple plies) oriented in the same direction. 
 
This section is organized as follows. In the next subsection (subsection 2.1), a lamina 
subjected to a multi-axial state of stress is considered. Maximum stress and maximum strain 
theories are used to check failure. In subsection 2.2, the significance of shear stress is 
addressed. In subsection 2.3, the absolute value of the shear stress required to produce failure 
of an element of unidirectional lamina (under a state of pure shear stress) vs the fibre 
orientation angle is plotted. Subsection 2.4 investigates maximum stress and Tsai-Hill theories 
for pure shear. These two theories are compared. In the last subsection (subsection 2.5), a 
failure ellipse (biaxial stress) for S2-Glass material is plotted. The Tsai-Wu theory is used for 
constructing the failure ellipse. 
 
2.1 Lamina subjected to a multi-axial state of stress 
 
 
 
Figure 2.1 Multi-axial state of stress on a lamina 
 
 
Figure 2.1 shows a lamina subjected to a sample multi-axial state of stress. The stresses in the 
principal material directions can be calculated as follows.  
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(2.1) 
 
 
The material properties and failure strengths for S2-Glass (determined from testing in 
Workpackage 3)are: 
 
E1=51500 N/mm
2, E2=10000 N/mm
2, G12=2900 N/mm
2, 12=0.28 
2
11 / 1810 mmNS
T  , 211 / 1400 mmNS
C  , 222 /34 mmNS
T  , 222 /200 mmNS
C  , S=96 N/mm2 
 
Using the maximum stress theory it can be seen that no failure has occurred.  
 
Check for the failure strains: 
 
The principal direction strains can be obtained from the stresses given in equation (2.1) using 
the compliance matrix. 
 
E1=51500 N/mm
2, E2=10000 N/mm
2, G12=2900 N/mm
2, 12=0.28 
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(2.2) 
 
The failure strains associated with this material are:   
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(2.3) 
 
A comparison of the failure strains of equation (2.3) with those of equation (2.2) shows that 
failure does not occur.  
 
2.2 The significance of shear stress 
 
 
 
 
 
 
 
Figure 2.2: Pure shear with  
 
For the lamina shown in figure 2.2(a), fibres are oriented at = -45 and a positive shear stress 
 is applied. Figure 2.2(b) shows the stresses in the 1-2 material plane. These stresses are 
calculated as follows. 
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(2.4) 
 
Since the failure strength of the material is much lower in the 2-direction than that in the 1-
direction, failure is likely to be matrix dominated. For the S2-Glass material, the shear stress 
that would cause failure is >43 N/mm2. 
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Figure 2.3: Pure shear with - 
 
In figure 2.3(a) the direction of the applied shear stress is reversed so that =- and the angle 
= -45 is maintained. The principal material direction stresses illustrated in figure 2.3b can 
be calculated as follows.  
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(2.5) 
 
So, a tensile stress in the 1-direction and a compressive stress in the 2-direction are obtained. 
For S2-Glass material, failure occurs for =200 N/mm2. 
 
The shear stress contributes to both the magnitude and sign of stresses in various directions. 
Hence lamina failure can be significantly affected by shear stress. Although the shear failure 
strength (S) is not affected by the sign of the applied shear stress, there is interaction between 
stress components and the associated failure of a composite lamina. 
 
 
2.3 Shear stress required to cause failure as a function of  
 
 
 
 
 
 
Figure 2.4: An element subjected to pure shear 
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Figure 2.4 shows an element of unidirectional lamina under a state of pure shear stress. The 
fibre orientation angle for the element is arbitrary (either + or -). The applied stress on the 
element can be either positive as shown, or negative. Our aim is to determine the stress 
required to cause failure as a function of . 
 
Assuming that the material is S2-Glass, the principal material direction stresses can be 
calculated as: 
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(2.6) 
 
 
Analysis of + fibre orientations:  
 
When the fibre orientation is +, a tensile 1 and a compressive 2 are obtained. If the 
maximum stress theory is used, three possible failure conditions can be obtained. These are: 
 

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2222
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(2.7) 
 
 
 
 
Analysis of - fibre orientations: 
 
When the fibre orientation is -, a compressive 1 and tensile 2 are obtained. The three 
failure conditions for this case are: 
 
 











22
96
5.21
700
nm
mn
mn
xy  
 
(2.8) 
 
 
Substituting various values of  into these equations results in failures that are predominantly 
controlled by the shear stress failure condition  2212 / nmS  . For some fibre orientations, 
however, failure is controlled by the appropriate 2 failure condition of either  mn
S T
2
22  or 
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 mn
S C
2
22 . This is illustrated in figure 2.5 by a plot of the shear stress required to produce 
failure as a function of . The applied shear stress required to produce failure is dependent on 
both the direction of the applied shear and fibre orientation . A similar set of results can be 
obtained using the maximum strain failure theory. 
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Figure 2.5: Applied shear stress vs  required to produce failure 
 
 
2.4 Investigation of maximum stress and Tsai-Hill theories for 
pure shear 
 
In this subsection, the maximum stress and Tsai-Hill theories are investigated for pure shear. 
Consider a lamina, which can have an arbitrary fibre orientation of either - or + as shown in 
figure 2.5. 
 
 
Figure 2.6: Pure shear with an arbitrary fibre orientation 
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The material is S2-Glass. The stresses in the 1-2 plane based on an applied shear stress of - 
are: 
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(2.9) 
 
 
 
The tensile and compressive components of stress change with . It can be easily established 
that for +, 1 is compressive and 2 tensile. For a negative angle, 1 is tensile and 2 
compressive. The shear stress 12 will not change sign as  changes from positive to negative, 
but it will change sign based on the angle itself. The sign of 2 will dictate which failure 
strength TS 22  or 
CS 22  is used for the 2-direction. 
 
Maximum stress criterion: 
 
In the maximum stress criterion, four failure conditions must be checked. For materials in 
which CT SS 1111  , a fifth condition is required. 
 
Each condition is a function of : 
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(2.10) 
 
Tsai-Hill Criterion: 
 
The plane stress form of Tsai-Hill theory is  
     
1
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2
11
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1 
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(2.11) 
 
Substituting the failure strengths into above equation yields the failure criterion. The fibre 
orientation angle  can be positive or negative.  
 
+: 1 is compressive and 2 is tensile, and the failure equation is  
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(2.12) 
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(2.13) 
 
 
   196000067.21213.4248 222222  mnnm   
(2.14) 
 
 
-: 1 is tensile and 2 is compressive, and the failure equation is  
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(2.15) 
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(2.16) 
 
 
   327610048.35561.335 222222  mnnm   
(2.17) 
 
Solutions for the maximum stress criteria result in sign changes for . Solutions for the Tsai-
hill criteria yield two roots for  for each angle. To compare these theories, absolute value   
vs  is plotted in figure 2.7. 
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Figure 2.7: Comparison of maximum stress and Tsai-Hill failure criteria for pure shear 
 
The Tsai-Hill theory produces a more uniform curve of   vs  than the maximum stress 
theory. For negative fibre angles the stress required to produce failure is greater than for 
positive angles. Depending on the fibre orientation angle, the maximum stress criterion will be 
controlled by either 2 or . The regions in which either shear or normal stress control failure 
for the maximum stress criterion are established by examination of the failure criteria at each 
angle. 
 
The Tsai-Hill theory can also be formulated based on strains, by incorporating the appropriate 
relationships between principal direction strains and stresses and the failure strains 








 etc. ,
1
11
1
E
S tt , and substituting into equation (2.11). 
 
2.5 Tsai-Wu Tensor Theory 
 
For an orthotropic lamina subjected to plane stress, the Tsai-Wu criterion is: 
 
1222F 66221162266116
2
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2
2222112
2
111   FFFFFFFF  (2.18) 
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Figure 2.8: Plane stress components for Tsai-Wu theory 
 
Application of a pure shear stress results in 
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(2.19) 
 
 
Solution of these equations yields F6=0. In a similar manner evaluation of the terms 6116 F  
and 6226 F  yields F16=F26=0. The Tsai-Wu failure criterion then reduces to:  
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2
111   FFFFF  (2.20) 
 
 
Consider a unidirectional lamina with S2-Glass material. 
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(2.21) 
 
Assuming 2/1*12 F ,  
 
      6362211*1212 103872.3101163.0103946.02/1F   FFF   
(2.22) 
 
 
    1018256.0101618.0101085.0101163.0103872.32103946.0 213263223216216     (2.23) 
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For =0,  
 
6
21
2
221
2
1 10534.257.462640355.410729.294168.17    (2.25) 
 
The solution to this equation depends on the state of stress in the 1-2 plane. Figure 2.9 shows 
the resulting failure surface when the shear stress is 0. By varying one component of normal 
stress and solving the resulting equation for the other, the complete curve is generated.  
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Figure 2.9: Failure ellipse for biaxial stress 
 
 
2.6 Conclusions and Discussion 
The applied shear stress required to produce failure is dependent on fibre orientation . For 
the failure ellipse, the value of the shear stress was 0.0. Failure ellipse for one non-zero value 
of shear stress should also be drawn. Also the value of *12F  in our case was –1/2. However, 
variety of possible failure surfaces should be drawn by varying the value of *12F . In contrast to 
the five equations required to apply the maximum stress criterion, the Tsai-Wu criterion 
involves only one equation, equation (2.20). In third quadrant the criterion predicts that 
compressive failure stresses in the fibre direction much more negative than CS11  are possible in 
the presence of compression in the 2 direction. This is a clear example of stress interaction; in 
this case the interaction predicts a significant strengthening influence.  
 
This section was dedicated to lamina failure. Fibre reinforced materials are most frequently 
used by employing multiple layers of material to form a laminate. Laminate failure analysis is 
the focus of next section. 
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Section 3: Laminate Failure Analysis 
 
A laminate is a collection of lamina arranged in a specified manner. Adjacent lamina may be 
of the same or different materials and their fibre orientations with respect to a reference axis 
may be arbitrary. One approach to estimating laminate failure is through experimentally 
defining the failure loads for specific laminates. The large number of possible laminate 
configurations makes this a time-consuming and expensive procedure.  
 
The stress analysis of the laminate provides an overall state of strain in the laminate, from 
which the strains in each individual ply can be calculated. The strains in each ply are then 
transformed into the directions of the fibres, using standard formulas for rotation of strain 
components with rotation of coordinate directions. Finally, the in-plane stresses in each ply 
can be obtained by using the stress-strain relationship for the ply. The stresses and strains will 
then be known for each ply in the laminate. The final product of these manipulations is the ply 
stresses and strains, referred to the direction of the fibre and transverse to the fibre, in each ply 
of the laminate. The remaining step in the strength assessment is to compare the calculated ply 
stresses and strains with allowable values, using material properties in conjunction with 
suitable failure theories. 
 
The predicted failure of a lamina does not imply total laminate failure. Some laminates can 
function and carry load past the point at which first ply failure occurs. The Tsai-Hill failure 
criterion is used to present laminate failure analysis. 
 
3.1 Cross-Ply Laminate 
Consider a [0/905]s, laminate, for which plane stress is assumed. The material is S2-Glass. 
Each ply has a thickness tply=t=0.125mm. The laminate thickness is h=12t=1.5mm. The 
solution is formulated in terms of the total laminate thickness h until stress and strain are 
computed. 
 
The on-axis form of the reduced stiffness matrix is: 
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(3.4) 
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The  Q  for each lamina is  
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The [A] and [D] matrices are as follows: 
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(3.9) 
 
Incorporating h=12t,  
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(3.10) 
 
Inversion of [A] yields 
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(3.11) 
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Consider the effect of externally applied loads. The mid-surface strains and curvatures can be 
determined by solving the relation 
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(3.12) 
 
Assume the only load is Nx, which can be either tensile or compressive. 
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(3.13) 
 
Since {M}=0,  'D  is not required, and {}=0. Therefore, 
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(3.14) 
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(3.15) 
 
The Cartesian components of stress in each lamina are  
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(3.16) 
 
Since the lamina have either 0 or 90 fibre orientations, the principal material direction 
stresses are easy to determine. 
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(3.17) 
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(3.18) 
 
The general form of the Tsai-Hill failure theory is  
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(3.19) 
 
Since CT SS 1111  , the modified form of Tsai-Hill theory is used as 
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(3.20) 
 
Where 
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(3.21) 
 
Nx is assumed to be positive. Then the 0 lamina experiences tensile 1 and tensile 2. For this 
case, the failure equation is  
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(3.22) 
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(3.23) 
 
       6222 10276.30865.082.17710865.004425.204425.2  xxx NNN  (3.24) 
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Solving yields Nx=435.67 N/mm. 
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(3.25) 
 
For the 90 lamina 1 is compressive and 2 is tensile. Failure equation is  
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(3.26) 
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(3.28) 
 
Solving yields Nx=109.89 N/mm. 
 
The 90 lamina is predicted to fail first, which is not surprising since it is primarily supported 
by matrix in the direction of load application. The failure of this lamina does not mean the 
entire laminate has failed. After the 90 lamina fails, the 0 lamina can sustain load. This 
feature of the cross-ply laminate makes it a useful experimental test specimen, and symmetric 
cross-ply laminates are used extensively for the study of matrix cracking and damage. 
 
3.2 Post-first-ply-failure analysis  
Now we have two materials to consider: the original material (0 lamina) and the failed 
material (90 lamina). The original material remains unchanged with    0QQ  . The failed ply 
is characterized by degrading the 90 lamina. 
 
Degradation of the failed ply applies only to the matrix, which is assumed to have failed. 
 
Although the matrix has failed, it is assumed that it has not separated from the fibre. 
Therefore, in the fibre direction, the stresses and strains can be related by Q11. No loads can be 
supported by or transferred across the cracks. Therefore, there is no coupling between axial 
and transverse strains, and Q12=0 for the failed ply. Similarly, shear stress is assumed to be 
eliminated since there is no available path for shear transfer across the cracks, and Q66=0. 
Since cracks form parallel to the fibres, no transverse normal loads can be supported, and 
Q22=0. Based on these arguments, the stiffness matrix for the failed ply only is 
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(3.29) 
 
For the failed lamina the  90Q  matrix is  
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(3.30) 
 
 
This results in new  A  and  'A  matrices. The new  A  matrix is  
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(3.31) 
 
 
Using h=12t, the original and degraded [A] matrices can be compared: 
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(3.32) 
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(3.33) 
 
The only component not affected by the degraded lamina is A22, which is consistent with the 
assumption that in the 90 lamina the fibres can sustain load. From the two matrices shown, it 
is apparent that the overall stiffness in the x-direction (direction of the applied load) has been 
reduced. The change in [A] means that the mid-surface strains have changed. 
 
The strains in the failed lamina are: 
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(3.34) 
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In the 0 lamina the stresses are  
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(3.36) 
 
In the 90 lamina the degraded  90Q  is used and the stresses are  
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(3.37) 
 
Since the 90 lamina has failed, the failure criterion is applied to the 0 lamina, yielding 
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(3.38) 
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(3.40) 
 
Solving yields Nx=187.8 N/mm. 
 
In order to define the load at which total laminate failure occurs the 0 lamina is also 
degraded. The new  Q  for the failed 0 lamina is 
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(3.42) 
 
This results in new mid-surface strains, which are 
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The resulting stresses in each lamina are 
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(3.45) 
 
This represents the stresses in each lamina when only the fibres are capable of supporting 
load. The maximum load at which the laminate fails is estimated by considering the load at 
which the first ply failed (Nx=109.89 N/mm). At this load the stresses in the unfailed 0 
lamina, are  
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(3.46) 
 
The maximum failure load in the fibre direction is X=1810 N/mm2. The unfailed 0 fibres can 
be stressed an additional 1585.36 N/mm2. For the failure to be complete the stress in the outer 
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lamina has been shown to be 4Nx. The additional load the laminate can support above the 
initial failure load (Nx=109.89 N/mm) is found by equating the change in stress, , from the 
initial to final failure (1585.36 N/mm2) with the stress at final failure (4Nx): 
 
N/mm 34.396436.1585  xx NN  
The maximum load the laminate can support is therefore Nx=109.89 +396.34=506.23 N/mm. 
3.3 Discussion 
Matrix cracks are a frequently observed and extensively studied mode of matrix damage. The 
number of cracks (termed crack density) increases with load until saturation is reached. 
Saturation is referred to as the characteristic damage state (CDS). Macroscopic damage 
modes, such as delamination, do not usually appear until the CDS is reached. 
 
In section 2, lamina failure analysis was described and in section 3, laminate failure analysis 
was described. However, in both the sections, the analysis procedures were simple. Finite 
element based progressive damage analysis procedures have also been developed for 
predicting damage initiation and propagation in laminated composite structures. Application 
of the progressive damage analysis procedures to single elements is shown in the next section. 
Application of progressive damage analysis procedures to open hole specimens is shown in 
sections 5 and 6. 
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Section 4: PDA Applied to Single Elements 
4.1 Introduction  
In a 2-D PDA procedure, the following three material behaviours are necessary. 
 
(a) stress strain behaviour of the material in the fibre direction 
(b) stress strain behaviour of the material in-plane perpendicular to the fibres  
(c) shear behaviour 
 
If one uses the USDFLD subroutine of ABAQUS, to programme the PDA procedure, then the 
above three stress strain behaviours can not be programmed directly. However, the 
programmer can specify the original and degraded values of (i) the elastic moduli, (ii) the 
shear moduli, (iii) Poisson’s ratios under the ELASTIC option of ABAQUS. The aim of this 
section is to verify that the desired stress-strain relationships are actually in effect while 
carrying out a progressive damage analysis. Single element tests are conducted for this 
purpose. 
 
This section is organized as follows. In the next subsection (subsection 4.2), single shell 
element tests are reported, while in subsection 4.3 single solid element tests are reported.   
 
S2-Glass/epoxy material is considered for all the single element tests reported in this section. 
The ply stiffness and strength properties for this material are listed in tables 4.1 and 4.2 
respectively. 
 
Table 4.1 Unidirectional stiffness properties for S2-Glass (used for the single element 
tests in this section)  
 
11E  
(GPa) 
22E  
(GPa) 
33E  
(GPa) 
12G  
(GPa) 
13G  
(GPa) 
23G  
(GPa) 
12  13  23  
51.5 10 10 2.9 2.9 2.9 0.28 0.28 0.50 
NOTE: 33E , 13 , 23  are required for 3-D solid element test only 
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Table 4.2 Ply material (S2-Glass) strength properties (used for the single element tests in 
this section) 
 
TS11  (N/mm
2) 1810  
CS11  (N/mm
2) 1400   
TS 22  (N/mm
2) 43   
CS 22  (N/mm
2) 200   
TS33  (N/mm
2) 40* 
CS33  (N/mm
2) 250* 
12S  (N/mm
2) 96   
13S  (N/mm
2) 96* 
23S  (N/mm
2) 50 
* used for a 3-D single 
element test only 
 
 
4.2 single shell element tests 
Figure 4.1 shows a shell element. Three single shell element tests are conducted. These are 0 
(fibres oriented along the x-direction) test, 90 (fibres oriented along the y-direction) test, 45 
(direction of fibres is at 45 to the x-axis) test. 
 
 
 
Figure 4.1: A single shell finite element 
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4.2.1 0 test (single shell element) 
 
Behaviour in the fibre direction is verified first. A 0 test is conducted for this purpose. In the 
finite element model, total load in the x-direction xF  on nodes 3,4 is calculated as the 
summation of the reaction forces of nodes 3,4. xF  is also the stress x , since the cross-
sectional area is 21mm . Since the distance between nodes 1 and 4 is 1mm, displacement (in 
mm) of node 4 gives the strain x  directly. 
 
Figure 4.2 shows the single element test results for the 0 test. The stress strain behaviour 
remains linear up to failure. This figure shows that failure strain = 0.034, failure stress = 1751 
N/mm2. So slope is 1751/0.034 = 51500 N/mm2. This is exactly the E11. Figure 4.3 shows the 
deformed shape of the shell element for the 0 test case. 
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Figure 4.2: Stress (loading direction) vs strain (loading direction), single shell element, 0 
test 
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Figure 4.3:  Deformed shape of the single shell element (0 test), deformation scale factor 
= 20 
 
 
4.2.2 90 test (single shell element) 
 
Figure 4.4 shows the single element test results for the 90 test. The stress strain behaviour 
remains linear up to failure. This figure shows that failure strain=0.004, failure stress = 40 
N/mm2. So slope is 40/0.004 = 10000 N/mm2. This is exactly E22. Figure 4.5 shows the 
deformed shape of the shell element for the 90 test. 
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Figure 4.4: Stress (loading direction) vs strain (loading direction), single shell element, 
90 test 
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Figure 4.5: Deformed shape of the single shell element (90 test) 
 
 
 
Deliverable No.:  D1.3 Section 4: PDA Applied to Single Elements     
Project N°: SC/02/191  Page 37 of 107 
 
Date of Issue: 30/9/04  University of Limerick 
4.2.3 45 test (single shell element) 
 
A plot of 
2
xF  versus [(x-displacement of node 3) – (y-displacement of node 3)] i.e. 
2
x  versus 
( x - y ) is made in this case. Figure 4.6 shows the single element test results for the 45 test. 
The stress strain behaviour remains linear up to failure. This figure shows that failure strain= 
0.032648, failure stress = 94.7 N/mm2. So slope is 94.7/0.032648= 2900.6 N/mm2. This is 
almost exactly equal to G_12. 
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Figure 4.6: Stress/2 (loading direction) vs (x-displacement of node 3-y-displacement of 
node 3), single shell element, 45 test 
 
 
4.3 Single solid element test using 3-D PDA 
A single solid finite element (figure 4.7) is used for this purpose. C3D8 is 8-node linear brick 
element in ABAQUS. Each node has 3 degrees of freedom (1 (ux), 2 (uy), 3 (uz)). As shown in 
this figure, the element has dimensions 1mm1mm1mm. 
 
Boundary conditions on the element are applied as follows. X-displacement is applied to 
nodes 2,4,6,8. Nodes 7 and 8 are required to have equal y-displacement. Nodes 3 and 4 are 
required to have equal y-displacement. Nodes 7 and 8 are required to have equal z-
displacement. Nodes 5 and 6 are required to have equal z-displacement. 
 
If the origin of the X-Y-Z system coincides with node 1, the element edge connecting nodes 1 
and 2 will coincide with the X-direction, the element edge connecting nodes 1 and 3 will 
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coincide with the Y-direction, element edge connecting nodes 1 and 5 will coincide with the 
Z-direction. 
 
 
 
Figure 4.7: A single solid finite element 
 
 
 
4.3.1 Single solid element, 0 degree test 
 
Figure 4.8 shows the single element test results for the 0 test. The stress strain behaviour 
remains linear up to failure. This figure shows that failure strain =0.03516, 
failure stress = 1811 N/mm2. So slope is 1811/0.03516=51507.395 N/mm2. 
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Figure 4.8: Stress (loading direction) vs strain (loading direction), single solid element, 
0 test 
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Figure 4.9 shows the deformed shape of the solid element for the 0 test case. The element 
stretches in the x-direction and contracts in the y-direction and in the z-direction. 
 
 
 
 
Figure 4.9: Deformed shape, single solid element, 0 test, deformation scale factor = 40 
 
 
4.3.2 Single solid element, 90 degree test 
 
Figure 4.10 shows the single element test results for the 90 test. The stress strain behaviour 
remains linear up to failure. This figure shows that failure strain =0.0043, failure stress = 43 
N/mm2. So slope is 43/0.0043= 10000N/mm2. Figure 4.11 shows the deformed shape for the 
single solid element (90 test). 
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 Progressive damage analysis, single solid element, 90° test
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Figure 4.10: Stress (loading direction) vs strain (loading direction), single solid element, 
90 test 
 
 
 
 
 
Figure 4.11: Deformed shape of the single solid element (90 test), deformation scale 
factor = 30 
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4.3.3 Single solid element, 45 degree test 
 
Figure 4.12 shows the single solid element test results for the 45 test. The stress strain 
behaviour remains linear up to failure. This figure shows that failure strain =0.032974, failure 
stress = 95.6 N/mm2. So slope is 95.6 /0.032974= 2899.25 N/mm2. Figure 4.13 shows the 
deformed shape of the single solid element for the 45 test case. 
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Figure 4.12: Stress/2 (loading direction) vs  (x-displacement of node 3-y-displacement of 
node 3), single solid element, 45 test 
 
 
 
 
 
 
Figure 4.13: Deformed shape, single solid element, 45 test, deformation scale factor = 40 
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4.4 PDA procedure with tensile matrix, compressive matrix and 
fibre matrix shear failure modes 
 
A PDA procedure with tensile matrix, compressive matrix and fibre matrix shear failure 
modes, was developed to see if this procedure can correctly predict the post-failure 
deformation behaviour of the single shell element, 45 test. Table 4.3 shows the degradation 
rule. In this table, a coloured cell indicates that material property represented by the cell is 
degraded.  
 
Table 4.3: Degradation rule (single shell element, one layer through thickness, +45 test) 
number: 2 
 
Elastic moduli 
and Poisson’s 
ratio 
E_11 E_22 Nu_12 G_12 G_13 G_23 
Failure criteria 
 
Tensile Matrix       
Compressive 
matrix 
      
Fibre Matrix 
Shear 
      
 
 
 
Table 4.4 shows the property reduction scheme corresponding to the degradation rule of table 
4.3. This scheme was applied to one 45 test. 
2
x  versus ( x - y ) plot for the 45 test is 
shown in figure 4.14. 
 
 
Table 4.4: Property reduction scheme (single shell element, one layer through thickness, 
+45 test) number: 2 
 
 
Elastic moduli and Poisson’s ratio FV1 (TMM) FV2 (CMM) 
FV3 (fibre / 
matrix shear) 
EX EY NU12 G12 G13 G23 0 0 0 
EX EY_RED NU12 G12 G13 G23 1 0 0 
EX EY_RED NU12 G12 G13 G23 0 1 0 
EX EY_RED NU12 G12 G13 G23 1 1 0 
EX   NU12_RED G12_RED G13 G23 0 0 1 
EX EY_RED NU12_RED G12_RED G13 G23 1 0 1 
EX EY_RED NU12_RED G12_RED G13 G23 0 1 1 
EX EY_RED NU12_RED G12_RED G13 G23 1 1 1 
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It can be seen that the post-failure behaviours in figures 4.6 and 4.14 are not same. 
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Figure 4.14: Stress/2 (loading direction) vs (x-displacement of node 3-y-displacement of 
node 3), single shell element, 45 test (using degradation rule of table 4.4 and property 
reduction scheme of table 4.5) 
 
4.5 Conclusions 
1. A shell element test under predicts the strength associated with the fibre direction and 
with the direction perpendicular to fibres, by 3.3 % and 7% respectively. However the 
shell elements correctly predicted the linear behaviour up to failure. This was a 
requirement of the single element implementation of the PDA procedure. 
2. A solid element on the other hand predicted the two strength values (associated with 
the fibre direction and with the direction perpendicular to fibres) accurately. These 
elements correctly predicted the linear behaviour up to failure. 
3. In our current PDA procedure, for each modulus, its value is suddenly dropped from 
original undamaged value to 5 N/mm2. This “expected trend” was correctly predicted 
by both the shell element and the solid element models, by showing a sudden drop in 
the stress value at failure. 
4. The post-failure behaviours of the 45 test models (shell and solid) need further 
investigation. 
 
Composites often show nonlinear shear behaviour and for some materials nonlinear behaviour 
in the transverse direction also. If these nonlinearities are actually present, an analysis 
procedure must contain these nonlinearities for an accurate modelling of the material 
behaviour. 
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Section 5: Application of Progressive Failure Model to Open Hole 
Tension (OHT) Specimens (material: S2 Glass/Epoxy) 
 
5.1 Introduction 
Sections 3 and 4 dealt with lamina and laminate failure respectively. The lamina and laminate 
analyses fail to address the effect of holes in laminates, a critical requirement for structural 
design. The presence of a hole (or other geometric discontinuity) in a structure creates high 
stresses at the hole edges. These stresses are much higher than the nominal applied stress. 
 
This section describes the application of the PDA procedure to open hole tension (OHT) 
specimens with S2 Glass/epoxy as material. Failure loads and load displacement behaviours 
for the OHT specimens are predicted using the PDA procedure. 
 
This section is organized as follows. In subsection 5.2 finite element modelling details are 
provided. In subsection 5.3, a quasi-isotropic lay-up is considered. Load extensometer 
deflection curves are shown. In subsection 5.4 a cross-ply lay-up is considered. In subsection 
5.5 damage propagation figures are shown. Conclusions and discussion are given in 
subsection 5.6. 
 
A typical open hole tension specimen is shown in figure 5.1 and the details of the specimens 
considered are shown in Table 5.1. 
 
 
 
Figure 5.1: Open hole tension specimen 
 
Table 5.1 Geometric and lay-up parameters for the OHT specimens 
OHT model 
number  
OHT-1  
 
OHT-2  
 
OHT 
geometric and 
lay-up 
parameters 
lay-up quasi-isotropic: s2)90/45/0/45(   cross-ply: s2)0/90(  
Number of 
layers 
16 8 
L (mm) 150 150 
W (mm) 36 36 
t (mm) 2.0 1 
D (mm) 6 6 
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5.2 Finite element modelling 
Finite element modelling of an OHT specimen was done as follows. A one eighth model using 
shell elements was developed in MSC.Patran. Since shell elements were used, a 2-D PDA 
procedure was used. Progressive damage analysis was carried out using ABAQUS. The 
experimental curve shows the load versus the deflection of extensometers with a gauge length 
of 25 mm placed centrally around the hole. In the finite element model, displacement at a 
node on the edge of the specimen, 12.5mm from the centre of the hole measured in the 
loading direction was needed. Node 200 was created at this location. Node 200 does not 
belong to any element in the finite element model. 
 
In the finite element model, displacements at nodes 44 and 55 were available. From these, 
displacement at node 200 was obtained as follows. Each degree of freedom at node 200 was 
constrained to be linearly interpolated from the corresponding degrees of freedom at nodes 44 
and 55. The MPC option of ABAQUS (see the following 2 lines) was used for this purpose. 
 
*MPC 
LINEAR,200,44,55 
 
For a particular increment number, displacement at node 200 must be: 
 
(i) higher than displacement at node 44 and 
(ii) lower than displacement at node 55 
 
To verify these, a plot of displacement vs increment number was made for the three nodes 
(figure 5.2).  
 
OHT (quasi-isotropic lay-up), L=150mm, W=36mm, D=6mm, t=2.00mm
0
0.4
0.8
1.2
1.6
2
2.4
0 50 100 150 200 250 300
increment number
d
is
p
la
c
e
m
e
n
t 
(m
m
)
node 44 (10.8mm from centre of hole)
node 55 (14.4mm from centre of hole)
node 200 (12.5mm from centre of hole)
 
 
Figure 5.2 Displacement versus increment number for nodes in vicinity of extensometer 
measurement point 
 
5.3 Quasi-isotropic lay-up 
OHT-1 (quasi-isotropic lay-up) was considered first. Figure 5.3 shows the load extensometer 
deflection curves for the OHT-1 specimen. The experimental curve is taken from reference 
[1]. It can be seen that the models provide excellent agreement with the extensometers for the 
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stiffness of the specimens. Similarly to the experiments, the models indicate a noticeable 
change in slope at quite a low load (approximately 7 kN). The gross section failure stress 
(based on the nonlinear shear model) for this specimen is 310.56 N/mm2.   
 
 
 
Figure 5.3 Load versus deflection of extensometers for the quasi-isotropic specimen 
 
 
5.4 Cross-ply lay-up 
The PDA procedure was then applied to the OHT-2 (cross-ply lay-up) specimen. Figure 5.4 
shows the load extensometer deflection curves for this case. The gross section failure stress 
(from the model) for this specimen is 326.3 N/mm2. This is higher than that of the quasi-
isotropic specimen. 
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Figure 5.4 Load versus deflection of extensometers for the cross-ply specimen 
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5.5 Damage propagation 
In this subsection, damage initiation and propagation in the open-hole tension specimen, with 
quasi-isotropic lay-up, are studied. Figure 5.5 shows three points (A, B, and C) on the 
specimen which are used in descriptions of the damage progression. 
 
 
Figure 5.5 Figure showing locations A, B and C 
 
 
Tensile matrix failure was first detected in the 90 ply at a load of 4.9 kN (figure 5.6(a)). The 
specimen failed (in the finite element model) at a load of 22.4 kN. Thus matrix failure first 
appeared at 22% of failure load. 
 
 
no damage               no damage        no damage        
    45                                 0                     -45                     90 
 
Figure 5.6 (a) Tensile matrix failure, OHT (QI) panel, material: S2 Glass, load 4.88 kN  
 
 
At 29 % of failure load, tensile matrix damage had propagated to the -45 ply also (figure 
5.6(b)). For the 90 ply, tensile matrix damage had propagated 4.5mm in the direction of A to 
C (figure 5.5). Tensile matrix failure had also propagated 1.4mm along the hole boundary 
from A. 
 
no damage     no damage         
    45                     0                     -45                                     90 
 
Figure 5.6 (b) Tensile matrix failure, OHT (QI) panel, material: S2 Glass, load 6.49 kN       
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At 33% of failure load (figure 6.5(c)), tensile matrix damage is seen in three (45, -45, 90) 
plies. The number of failed material points for the -45 ply was higher than that of the +45 
ply. In both the +45 and the -45 plies tensile matrix damage had propagated 1.5mm in the 
direction of A to C. For the +45 ply tensile matrix damage had propagated 0.5mm along the 
hole boundary from A, while for the -45 ply it had propagated 1.4mm along the hole 
boundary from A. The entire width of the 90 ply had failed in the tensile matrix damage 
mode. 
 
     no damage   
    45                                 0                     -45                                      
 
 
 
90 
 
Figure 5.6 (c) Tensile matrix failure, OHT (QI) panel, material: S2 Glass, load 7.42 kN  
 
 
At 39.5% of failure load (figure 5.6(d)), tensile matrix damage had propagated 3mm in the 
direction of A to C, for both +45 and -45 plies. At this load, for the +45 ply, tensile matrix 
damage had propagated 0.9mm along the hole boundary from A. For the -45 ply, this damage 
had propagated 2.4mm along the hole boundary from A. 
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     no damage                 
    45                                 0                     -45                     
 
 
 
 90 
 
Figure 5.6 (d) Tensile matrix failure, OHT (QI) panel, material: S2 Glass, load 8.86 kN 
(39.5% of failure load) 
 
At 46.1% of failure load (figure 5.6(e)), tensile matrix damage had propagated 4.5mm in the 
direction of A to C, for the +45 ply. From 39.5% of failure load to the current 46.1% of 
failure load, there was no increase in the extent of tensile matrix damage, in the direction of A 
to C, for the -45 ply. The tensile matrix damage had propagated 1.4mm along the hole 
boundary from A, for the +45 ply and 2.8mm (along the hole boundary from A) for the -45 
ply. 
 
      no damage                  
    45                                        0                                -45                     
 
 
 90 
 
Figure 5.6 (e) Tensile matrix failure, OHT (QI) panel, material: S2 Glass, load 10.32 kN 
(46.1% of failure load) 
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At 52.6% of failure load (figure 5.6(f)), tensile matrix damage had propagated 9mm in the 
direction of A to C, for the +45 ply and 6mm in the same direction for the -45 ply. From 
46.1% of failure load to the current 52.6% of failure load, there was no increase in the extent 
of tensile matrix damage, in the radial direction for both +45 and -45 plies. 
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Figure 5.6 (f) Tensile matrix failure, OHT (QI) panel, material: S2 Glass, load 11.78 kN 
(52.6% of failure load) 
 
At 58.7% of failure load (figure 5.6(g)), the tensile matrix damage had propagated 13.5mm in 
the direction of A to C, for the +45 ply and 12mm in the same direction for the -45 ply. 
From 46.1% of failure load to the current 58.7% of failure load, there was no increase in the 
extent of tensile matrix damage, in the radial direction for both +45 and -45 plies. 
     no damage                           
    45                                 0                                             -45                     
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Figure 5.6 (g) Tensile matrix failure, OHT (QI) panel, material: S2 Glass, load 13.14 kN 
(58.7% of failure load) 
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At 62.6 % of failure load (figure 5.6(h)), the entire width of the +45 ply had failed in the 
tensile matrix damage mode. The entire width of the -45 ply had also failed in the tensile 
matrix damage mode. From 46.1% of failure load to the current 62.6% of failure load, there 
was no increase in the extent of tensile matrix damage, in the radial direction for both +45 
and -45 plies. 
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Figure 5.6 (h) Tensile matrix failure, OHT (QI) panel, material: S2 Glass, load 14.032 
kN (62.6% of failure load) 
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At 68.8 % of failure load (figure 5.6(i)), tensile matrix damage had propagated 1.9mm along 
the hole boundary from A for the +45 ply and 3.3mm for the -45 ply. 
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Figure 5.6 (i) Tensile matrix failure, OHT (QI) panel, material: S2 Glass, load 15.42 kN 
(68.8% of failure load) 
 
Figure 5.6(j) shows the tensile matrix damage figures for the specimen at a load of 99.8% of 
failure load. From 68.8% of failure load to the current 99.8% of failure load, there was no 
increase in the extent of tensile matrix damage, in the radial direction for both +45 and -45 
plies. 
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Figure 5.6 (j) Tensile matrix failure, OHT (QI) panel, material: S2 Glass, load 22.36 kN 
(99.8% of failure load) 
 
First fibre failure was detected at a displacement (full panel) of 2.72mm (figure 5.7(a)). This 
occurred at a post-failure load. Tensile fibre damage had propagated from A to C for the +45, 
0 and -45 plies. 
            
    45                                           0                                    -45                                90 
Figure 5.7(a): Tensile fibre failure, OHT (QI) panel, material: S2 Glass, full panel 
displacement 2.72mm, load =0.32kN (post-failure load) 
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Figure 5.7(b) shows the tensile fibre damage figures for the specimen at a post-failure 
displacement of 3.2mm. The damaged elements were exactly the same as those shown in 
figure 5.7(a).   
       
    45                                           0                                    -45                                90 
 
Figure 5.7(b): Tensile fibre failure, OHT (QI) panel, material: S2 Glass, full panel 
displacement 3.2mm, load =0.37kN (post-failure load) 
 
 
5.6 Conclusions and Discussion 
Figures 5.6(b) and 5.6(c) show the matrix damage in the 90 plies just below and above 7kN 
respectively. Clearly the 90 plies fail completely at this load level reducing the specimen 
stiffness.  
 
The following conclusions can be drawn: 
 
 The PDA model provides excellent agreement with the experiments in terms of 
stiffness, and accurately predicts the stiffness reduction due to early failure of the 90  
plies. 
 
 The predictions of ultimate failure load are reasonable but further investigation is 
required. 
 
 
5.7 Reference 
1. R M O’Higgins, G S Padhi, M A McCarthy, C T McCarthy, A Study of Open-Hole Tensile 
Strength of S2-Glass/epoxy Composite, SAMPE 
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Section 6: OHT with HTA/6376 Carbon/Epoxy material 
 
6.1 Introduction 
In the previous section, damage analysis of OHT specimens with S2-Glass material was 
investigated. In this section damage analysis of OHT specimens with HTA/6376 
carbon/epoxy material is investigated. The damage analysis is carried out using a progressive 
damage analysis (PDA) procedure developed for shell elements. All the finite element models 
of this section are based on shell elements. A typical open-hole tension specimen is shown in 
figure 6.1. 
  
 
 
Figure 6.1 Open hole tension specimen 
 
 
Three lay-ups are considered for modelling purposes. The geometric dimensions, number of 
layers, and stacking sequence for the OHT specimens are shown in table 6.1. The material for 
all the OHT panels is carbon/epoxy (HTA/6376). The unidirectional stiffness properties for 
this material are listed in table 6.2. The ply strength properties for this material are listed in 
table 6.3. 
 
Table 6.1 Geometric and lay-up parameters for the OHT specimens 
 
OHT model 
number  
OHT-1  
(quasi-isotropic) 
OHT-2  
(zero-dominated) 
OHT-3  
(cross-ply) 
OHT geometric 
and lay-up 
parameters 
lay-up [45/0/-45/90/45/0/-45/90]s [45/0/-45/90/0/0/45/0/-45/0]s [90/0/90/0/90/0/90/0]s 
Number of 
layers 
16 20 16 
L (mm) 200 200 200 
W (mm) 36 36 36 
t (mm) 2.08 2.6 2.08 
D (mm) 6 6 6 
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Table 6.2 Unidirectional stiffness properties for HTA/6376  
 
11E  
(GPa) 
22E  
(GPa) 
12G  
(GPa) 
13G  
(GPa) 
23G  
(GPa) 
12  
140 10 5.2 5.2 3.9 0.3 
 
Table 6.3 Ply material (HTA/6376) strength properties 
 
TS11  (N/mm
2) 2200 
CS11  (N/mm
2) 1600 
TS 22  (N/mm
2) 70 
CS 22  (N/mm
2) 250 
12S  (N/mm
2) 120 
23S  (N/mm
2) 50 
 
 
 
6.2 Finite element model development 
The finite element models for the OHT specimens were developed using shell elements. One-
eighth models were developed for all the three OHT specimens. 
 
6.3 Quasi-isotropic lay-up 
The OHT-1 (quasi-isotropic lay-up) was considered first. Three finite element meshes (shown 
in figure 6.2) were considered to examine the effect of mesh on failure load predictions. 
 
 
         Mesh-1                          Mesh-2                            Mesh-3 
 
Figure 6.2 Finite element meshes used for the OHT, quasi-isotropic model 
 
 
Figure 6.3 shows the load extensometer deflection curves for the OHT-1 specimen (quasi-
isotropic) using the three meshes and the load extensometer deflection curves from 
experiments. 
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Figure 6.3 Load vs extensometer deflection curves 
 
For the same specimen, table 6.4 lists the failure loads and the %errors using the three meshes. 
From figure 6.3 and table 6.4, it can be seen that mesh-2 best predicts the behaviour of the 
OHT-1 specimen. 
 
 
Table 6.4 OHT (QI) panel, material: HTA/6376, multi layer shell element model 
(with shear nonlinearity) 
 
Mesh type Failure load (kN) 
(predicted by PDA) 
%error calculated as 
100
load failure alexperiment
load failure alexperiment -load failure predictedPDA 
  
Mesh-1 33.6 13,9 
Mesh-2 28.8 -2.4 
Mesh-3 25.6 -13.2 
Average experimental failure load = 29.5kN 
 
The above results are with shear non-linearity included. The OHT-1 specimen was also 
analysed without shear nonlinearity. Figure 6.4 compares the load extensometer deflection 
curves obtained from “with shear nonlinearity” and “without shear nonlinearity” models and it 
can be seen that for this material and lay-up shear non-linearity had no effect. The gross 
section failure stress (calculated as the failure load divided by the unnotched cross-sectional 
area) for this specimen was 384.99 N/mm2 (with shear nonlinearity). 
 
 
 
Deliverable No.:  D1.3 Section 6: OHT HTA/6376     
Project N°: SC/02/191  Page 60 of 107 
 
Date of Issue: 30/9/04  University of Limerick 
OHT, QI, HTA/6376, L=200mm, W=36mm, t=2.08mm, D=6mm
0
5
10
15
20
25
30
35
0 0.05 0.1 0.15 0.2 0.25
Extensometer Deflection (mm)
L
o
a
d
 (
k
N
)
PDA, shell element, no shear nonlinearity
PDA, shell element, with shear nonlinearity
 
Figure 6.4 Load vs extensometer deflection curve (OHT, QI, HTA/6376) 
 
 
 
6.4 Zero-dominated lay-up 
The PDA procedure was then applied to the OHT-2 (zero-dominated lay-up) specimen. For 
this specimen also, both “with shear nonlinearity” and “without shear nonlinearity” models 
were analysed. Figure 6.5 shows the load extensometer deflection curves for OHT-2. Clearly 
shear non-linearity did not affect the failure strength prediction for this lay-up. The failure 
load for OHT-2 was 54.87 kN (with shear nonlinearity). The gross section failure stress for 
this specimen was 586.24 N/mm2 (with shear nonlinearity). 
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Figure 6.5: Load vs extensometer deflection curve (OHT, ZD, HTA/6376) 
 
 
6.5 Cross-Ply lay-up 
The last OHT model analysed was the cross-ply lay-up model (OHT-3). Figure 6.6 shows the 
load extensometer deflection curves for this specimen.  
 
In this case shear non-linearity affected the results significantly – the reason for this needs 
further investigation. The failure load for OHT-3 was 30.94 kN (without shear nonlinearity) 
and 35.31 kN (with shear nonlinearity). The gross section failure stress for this specimen was 
413.25 N/mm2 (without shear nonlinearity) and 471.58 N/mm2 (with shear nonlinearity). 
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Figure 6.6 Load vs extensometer deflection curve (OHT, CP, HTA/6376) 
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6.6 Ply-level damage predictions for the OHT specimens 
6.6.1 Tensile Matrix Failure (quasi-isotropic specimen (OHT-1)) 
Figures 6.1(a) to 6.1(j) show the damage development figures for this case. Tensile matrix 
failure was first detected in the 90 ply at a load of 16.04 kN (55.8% of failure load) (figure 
6.1(a)). The failure load for this specimen, from the finite element analysis, was 28.8 kN. The 
specimen failed at a displacement (full panel) of 1.44mm. 
 
no damage               no damage        no damage        
    45                                 0                     -45                     90 
 
Figure 6.1(a): Tensile matrix failure, OHT (QI) panel, material: HTA/6376, load 16.04 
kN (55.8% of failure load) 
 
Figure 6.1(b) shows the state of the four plies with respect to tensile matrix failure, when the 
specimen is subjected to an applied load of 61.3% of failure load. From 55.8% of failure load 
to the current 61.3% of failure load, there was no increase in the extent of tensile matrix 
damage. 
 
 
 
no damage     no damage                               
    45                     0                     -45                                     90 
 
Figure 6.1(b): Tensile matrix failure, OHT (QI) panel, material: HTA/6376, load 17.6 kN 
(61.3% of failure load) 
 
Figure 6.1(c) shows the state of the four plies with respect to tensile matrix failure, when the 
specimen is subjected to an applied load of 66.9% of failure load. At 66.9% of failure load, 
tensile matrix damage had propagated 1.4mm along the hole boundary from A (see figure 5.5. 
for the position of point A). 
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Figure 6.1(c): Tensile matrix failure, OHT (QI) panel, material: HTA/6376, load 19.2 kN 
(66.9% of failure load) 
 
 
Figure 6.1(d) shows the state of the four plies with respect to tensile matrix failure, when the 
specimen is subjected to an applied load of 72.4% of failure load. From 66.9% of failure load 
to the current 72.4% of failure load, there was no increase in the extent of tensile matrix 
damage. 
 
     no damage     no damage             no damage             
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Figure 6.1(d): Tensile matrix failure, OHT (QI) panel, material: HTA/6376, load 20.8 kN 
(72.4% of failure load) 
 
 
Figure 6.1(e) shows the state of the four plies with respect to tensile matrix failure, when the 
specimen is subjected to an applied load of 78.0% of failure load. At 78.0% of failure load, 
tensile matrix damage was seen in the -45 ply also. For this ply, tensile matrix damage had 
propagated 0.9mm along the hole boundary from A and 1.5mm in the direction of A to C. For 
the 90 ply, tensile matrix damage had propagated 1.9mm radial from A. 
 
 no damage      no damage               
    45                        0                                -45                       90 
 
Figure 6.1(e): Tensile matrix failure, OHT (QI) panel, material: HTA/6376, load 22.4 
(78.0% of failure load) 
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Figure 6.1(f) shows the state of the four plies with respect to tensile matrix failure, when the 
specimen is subjected to an applied load of 83.5% of failure load. At 83.5% of failure load, 
tensile matrix damage was seen in the +45 ply also. For the +45 ply, tensile matrix damage 
had propagated 0.47 mm along the hole boundary from A and 1.5mm in the direction of A to 
C. For the -45 ply, tensile matrix damage had propagated 1.41mm along the hole boundary 
form A. From 78.0f failure load to the current 83.5% of failure load, there was no increase in 
the extent of tensile matrix damage, in the direction of A to C for the -45 ply. For the 90 ply, 
tensile matrix damage had propagated 3mm in the direction of A to C. From 78.0% of failure 
load to the current 83.5% of failure load, there was no increase in the extent of tensile matrix 
damage, in the radial direction for the 90 ply. 
 
      no damage                         
    45                                            0                              -45                      
 
 
90 
 
Figure 6.1(f): Tensile matrix failure, OHT (QI) panel, material: HTA/6376, load 24.0 kN 
(83.5% of failure load) 
 
 
Figure 6.1(g) shows the state of the four plies with respect to tensile matrix failure, when the 
specimen is subjected to an applied load of 89.0% of failure load. From 83.5% of failure load 
to the current 89.0% of failure load, there was no increase in the extent of tensile matrix 
damage, in either the radial direction or in the direction of A to C for the +45, -45 and 90 
plies. 
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Figure 6.1(g): Tensile matrix failure, OHT (QI) panel, material: HTA/6376, load 25.6 kN 
(89.0% of failure load) 
 
 
Figure 6.1(h) shows the state of the four plies with respect to tensile matrix failure, when the 
specimen is subjected to an applied load of 94.6% of failure load. From 83.5% of failure load 
to the current 94.6% of failure load, there was no increase in the extent of tensile matrix 
damage, in the radial direction or in the direction of A to C for the +45 ply. For the -45 ply, 
tensile matrix damage had propagated 1.9mm along the hole boundary from A. From 78.0% 
of failure load to the current 94.6% of failure load there was no increase in the extent of 
tensile matrix damage, in the direction of A to C for the -45 ply. Tensile matrix damage had 
propagated 4.5mm in the direction of A to C for the 90 ply. For the same ply, tensile matrix 
damage had propagated 2.4mm in the radial direction. 
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Figure 6.1(h): Tensile matrix failure, OHT (QI) panel, material: HTA/6376, load 27.2 kN 
(94.6% of failure load) 
 
 
Figure 6.1(i) shows the state of the four plies with respect to tensile matrix failure, when the 
specimen failed. From 94.6% of failure load to the current failure load, there was no increase 
in the extent of tensile matrix damage, in the radial direction for the -45 ply. From 78.0% of 
failure load to the current failure load, there was no increase in the extent of tensile matrix 
damage, in the direction of A to C for the -45 ply. The tensile matrix damage had propagated 
0.9mm in the radial direction for the +45 ply. From 83.5% of failure load to the current 
failure load, there was no increase in the extent of tensile matrix damage, in the direction of A 
to C for the +45 ply. From 94.6% of failure load to the current failure load, there was no 
increase in the extent of tensile matrix damage, in the radial direction for the 90 ply. For the 
90 ply, tensile matrix damage had propagated 7.5mm in the direction of A to C. 
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Figure 6.1(i): Tensile matrix failure, OHT (QI) panel, material: HTA/6376, load 28.8 kN 
(failure load), displacement (full panel) 1.44mm 
 
Figure 6.1(j) shows the state of the four plies with respect to tensile matrix failure, when the 
specimen reached a post-failure displacement (full panel) of 1.52mm. From 94.6% of failure 
load to the current post-failure load, there was no increase in the extent of tensile matrix 
damage, in the radial direction for the -45 ply, but the entire specimen width had failed in the 
tensile matrix damage mode. From the failure load to the current post-failure load, there was 
no increase in the extent of tensile matrix damage, in the radial direction for the +45 ply. For 
the +45 ply, the entire specimen width had failed in the tensile matrix damage mode. From 
94.6% of failure load to the current post-failure load, there was no increase in the extent of 
tensile matrix damage, in the radial direction for the 90 ply. For the 90 ply, the entire 
specimen width had failed in the tensile matrix damage mode. 
 
 no damage  
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Figure 6.1(j): Tensile matrix failure, OHT (QI) panel, material: HTA/6376, load 0.197 
kN (post-failure) 
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6.6.2 Tensile Fibre Failure (quasi-isotropic specimen (OHT-1)) 
Tensile fibre failure was first detected at a post-failure displacement (full panel) of 1.52mm 
(figure 6.2). This failure had propagated from A to C for the +45, 0, -45 plies. For these 
plies, tensile fibre failure had propagated 0.47mm along the hole boundary from A. 
 
 
     45                                                     0                                             -45         
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Figure 6.2: Tensile fibre failure, OHT (QI) panel, material: HTA/6376, load 0.197 kN 
(post-failure), displacement (full panel) 1.52mm 
 
 
6.7 Conclusions and Discussion 
For the QI, S2-Glass, OHT specimen, first tensile matrix occurred at an applied stress 
(calculated as applied load/unnotched cross sectional area) of 68N/mm2. For the same lay-up 
and HTA material, tensile matrix failure was first detected at an applied stress of 214.2 
N/mm2. For both the cases the tensile matrix was first detected in the 90 ply. 
 
Tensile matrix failure was first seen in the -45 ply at an applied stress of 90.2 N/mm2 for the 
S2-Glass specimen and at an applied stress of 299.5 N/mm2 for the HTA specimen. Tensile 
matrix failure was first seen in the +45 ply at an applied stress of 103 N/mm2 for the S2-
Glass specimen and at an applied stress of 320.8 N/mm2 for the HTA specimen. 
 
The failure stress for the S2-Glass specimen was 311.11 N/mm2. The failure stress for HTA 
specimen was 384.0 N/mm2. 
 
6.8 Reference 
O’Higgins, R.M., Padhi, G.S., McCarthy, M.A. and McCarthy, C.T., Experimental and 
Numerical Study of Open-Hole Tensile Strength of Carbon/Epoxy Composites, Mechanics of 
Composite Materials, Vol. 40, No. 4, 269-278 (2004). 
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Section 7: Multi-linear Approximation Method 
 
7.1 Introduction 
Several approaches have been taken to analyse progressive damage in composites. A common 
approach is to evaluate a stress-based failure criterion which is capable of identifying not only 
when failure starts to occur, but also which mode of failure is occurring. Depending on the 
mode of failure, selected stiffness properties of the failed element or failed ply are degraded. 
For example, in [1] a progressive failure model for analysis of a composite shell was 
developed. In [2-7] progressive failure models for structures involving a stress concentration 
have been developed. In [1, 4-7] the Hashin failure criterion [8] was used to determine the 
mode of failure. 
 
For some time it has been recognised that unidirectional fibrous composites exhibit severe 
non-linearity in the shear stress-strain relation [9]. In some of the progressive damage 
analyses [1-3, 6, 7], this shear non-linearity has been incorporated, and depending on the 
laminate lay-up, it can significantly affect the predicted failure loads. Hahn and Tsai [9] also 
observed deviation from linearity in transverse loadings, but the degree of non-linearity was 
stated to be not comparable to that in shear; their data was for a boron/epoxy composite. Since 
then other researchers have found little evidence of non-linear transverse tension behaviour 
for carbon-fibre composites [10], but have found such behaviour in metal matrix composites 
[11]. 
 
Experimental results carried out in our laboratory on S2-glass/epoxy (a material used in Fibre-
Metal Laminates such as GLARE®) demonstrate significant non-linearity in the transverse 
tension behaviour. As a consequence of this finding, a method for incorporating both shear 
and transverse non-linearity in progressive failure analyses has been developed, and this 
method is the focus of this section. 
 
 
7.2. Description of multi-linear approximation approach to non-
linear shear and application to a bilinear shear stress-strain curve 
 
This section describes the multi-linear approximation approach developed for non-linear shear 
behaviour of unidirectional composite materials. To illustrate the process the method is 
applied to a bilinear shear stress-strain curve as shown in figure 7.1. It should be noted that the 
method is applicable to all shapes of curves and is not limited to a bilinear curve. 
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Figure 7.1: A shear stress-strain curve (assumed bilinear for explaining the multi-linear 
approximation approach) 
 
 
 
For implementing the multi-linear approximation approach into ABAQUS, either the secant 
shear modulus versus shear stress curve or the secant shear modulus versus shear strain curve 
needs to be known. When an attempt was made to implement the secant shear modulus versus 
shear stress curve into ABAQUS, numerical instability was encountered. Hence, the secant 
shear modulus versus shear strain curve was implemented into ABAQUS. Figure 7.2 shows 
this curve for the bilinear shear stress-strain behaviour shown in figure 7.1.  
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Figure 7.2: Secant shear modulus versus shear strain for curve in figure 7.1 
 
 
The secant shear modulus versus shear strain curve is then approximated using n linear 
segments, where n can be any number. It should be noted here that only the non-linear portion 
of the secant shear modulus versus shear strain curve needs to be approximated using linear 
segments. For example figure 7.2 shows how 4 linear segments were used to approximate the 
non-linear portion of the secant shear modulus versus shear strain curve. 
 
These four linear segments can then be implemented into ABAQUS using the USDFLD 
subroutine and the *ELASTIC option of ABAQUS as follows: 
(a) The five points (see figure 7.3) associated with the four linear segments are 
assigned field variable values. A relationship between the shear strain and a 
field variable quantity is established. For example if four linear segments are 
used the field variable takes on the values 0, 0.25, 0.5, 0.75 and 1 respectively 
at each of the strain values at points 1-5 in Figure 7.3. The value of the field 
variable between these points is linearly interpolated. This relationship is 
programmed into the USDFLD subroutine of ABAQUS. 
(b) Since the relationship between the shear strain and the secant shear modulus is 
known and the relationship between the shear strain and the field variable is 
also known, it is possible to establish the relationship between the secant 
modulus and the field variable. This relationship is implemented using the 
*ELASTIC option of ABAQUS. Each data line following the *ELASTIC 
keyword in the ABAQUS input file contains the revised elastic constants 
including the relevant secant modulus value corresponding to each field 
variable value.  
 
At this point it should be observed that if the number of linear segments used for 
approximating the non-linear curve increases, the number of data lines (to be written by the 
analyst) in the input file also increases. Since there are also field variables for each of 
Hashin’s failure criteria (e.g. fibre tensile failure, matrix compression failure etc.), and the one 
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line of elastic constants must be provided for each and every combination of the field 
variables, the number of data lines to be provided by the analyst can easily run to several 
hundred. Writing these data lines manually can be error prone and may require additional time 
to ensure the accuracy of data entry. Hence, software based on Microsoft EXCEL has been 
developed for fast and error-free generation of the necessary ABAQUS data lines, which is 
discussed in section 6. 
 
 
 
 
 
Figure 7.3: Approximation of the non-linear portion of the secant shear modulus versus 
shear strain curve using 4 linear segments 
 
7.2.1 Single element test 
 
A single element test was conducted to test the accuracy of the multi-linear approximation 
approach for shear non-linearity. The single element is shown in figure 7.4. Nodal 
displacement was applied to nodes 3 and 4 in the positive x-direction. The fibre direction was 
oriented at 45  to the x-axis. A shear stress versus shear strain curve generated from the 
single element test and the original bilinear curve are shown in figure 7.5. As can be seen, 
excellent agreement between the original curve and the single element test results was 
obtained. This figure also shows that four linear segments were sufficient for implementing 
the non-linear portion of the secant shear modulus versus shear strain curve. 
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Figure 7.4: Shell element for single element tests, thickness = 1m  
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Figure 7.5: Single element test result (4 linear segments) with comparison to curve in 
figure 7.1 
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7.3. Experimental results on transverse tension loading in S2-
glass/epoxy 
 
Experimental tests have been performed on S2-glass/epoxy which is used in Fibre-Metal 
Laminates such as GLARE®, which has recently been chosen for sections of the upper 
fuselage of the Airbus A380. Data are presented here from transverse tension tests. 
 
Three separate specimens were tested, and excellent repeatability was observed. A typical 
result is shown in figure 7.6. From this it can be seen that significant transverse tension non-
linearity is exhibited by this material. 
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Figure 7.6: Experimental transverse tension data for S2-glass/epoxy 
 
 
 
7.4. Application of multi-linear approximation to experimental 
transverse tension curve 
 
The multi-linear approximation approach has been implemented for transverse loading in a 
similar manner to that outlined in Section 7.2. The secant transverse modulus versus 
transverse strain curve corresponding to the experimental data in figure 7.6 was then obtained, 
and the non-linear portion of this curve was approximated using six linear segments (figure 
7.7). 
 
A single element test was conducted to test the accuracy of the multi-linear approximation 
approach for transverse stress-strain non-linearity. Single element test results and the 
experimental curve are shown in figure 7.8. As can be seen the agreement is very good. 
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Figure 7.7: Approximation of the secant transverse modulus versus transverse strain 
curve using 6 linear segments 
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Figure 7.8: Transverse stress versus transverse strain – experimental data and single 
element test 
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7.5 Conclusions and Discussion 
Progressive damage methods based on application of multi-modal failure criteria such as that 
due to Hashin, followed by degradation of material properties, are widely used in the 
composites literature. Such methods are relatively simple to understand and programme, but 
can be inaccurate if they neglect nonlinearities in the material behaviour. The present chapter 
has shown experimental evidence that certain materials can demonstrate not only shear 
nonlinearity but also transverse tension nonlinearity. A multi-linear approximation approach 
has been developed to account for both types of nonlinearity. 
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Section 8: Conclusions 
 
Lamina failure can be significantly affected by shear stress. For an element of 
unidirectional lamina, with S2-Glass material, and under a state of pure shear stress, it was 
found that for positive fibre orientation, failures are predominantly controlled by the shear 
stress failure condition. 
 
For pure shear and for S2-Glass material, a comparison of maximum stress theory and 
Tsai-Hill theory was made. The || vs  curve was more uniform for latter case. The Tsai-
Wu theory was then applied to the S2-Glass material. A failure ellipse was drawn. The 
ellipse indicates a clear evidence of stress interaction for the S2-Glass material. 
 
Failure analysis of a [0/905]s laminate was carried out using the Tsai-Hill theory. A plot of 
x vs x for this laminate with S2-Glass material was shown. 
 
PDA was applied to single element tests involving shell elements and solid elements. 
Numerical results obtained from using a shell element and those obtained from using a 
solid element can be different. Therefore care should be taken on selecting the element 
type (shell or solid) for doing progressive damage analysis of a structure. 
 
The loading for the 0 and 90 single element tests reported here was limited to 
application of a positive displacement in the x-direction. More information can be 
obtained by conducting single element tests for these cases, with negative applied 
displacements in the x-direction. 
 
The applied stress at which tensile matrix failure was first seen, was higher for the HTA 
specimen than that of the S2-Glass specimen. Failure stress for the HTA specimen was 
also higher than that of the S2-Glass specimen. 
 
A multi-linear approximation approach was successfully used to account for both shear 
nonlinearity and transverse tension nonlinearity. 
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Appendix A: Python Scripts 
 
Three python scripts were written for faster postprocessing of results obtained from using 
ABAQUS. In this appendix (appendix A) these three scripts are explained. Actual script codes 
are coloured red. 
 
A.1 Script 1 
This script does the following. Given an ABAQUS output database file, the script displays all 
the elements satisfying the condition FV1=0 for a particular section point. 
 
To execute the script: start ABAQUS/Viewer, open the odb file, run this script.  
 
The following statement imports the Session object and makes that available to the script. 
 
from abaqus import * 
 
If the "File->Run Script" procedure is used to execute the script, the script must contain the 
following statement: 
 
from visualization import * 
 
The ABAQUS object model comprises of three objects: Session, Mdb, Odb. Most ABAQUS 
scripting interface commands begin with either the Session, Mdb or the Odb object. There is 
no constructor for the session object. When a session is started, the session member is created 
by ABAQUS. 
 
The description of each constructor in the ABAQUS Scripting Command Reference includes 
a path to the command. For example, the following describes the path to the Viewport 
constructor: 
 
session.Viewport 
 
The user can refer to an object in a repository using its key. (The key is typically the name 
that is provided in the constructor command when the object was created.) For example, the 
Viewport constructor creates a new Viewport object in the viewports repository. A script can 
be made more readable by assigning a variable to an object in a repository. For example, in 
the following code line, the viewport object is assigned to the variable vp. 
    """ 
 
vp = session.viewport[session.currentViewportName] 
 
Assign the displayed object to the variable odb. 
 
odb = vp.displayedObject 
 
Field data for a specific output variable such as FV1 is contained in the FieldOutput object. 
The corresponding ABAQUS syntax is “odb.steps[name].frames[i].fieldOutputs[name]”. A 
FieldOutput object contains field data for a specific output variable. 
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frame1Step1 = odb.steps['Step-1'].frames[17] 
fv1 = frame1Step1.fieldOutputs['FV1'] 
 
The field data at a point are represented by the FieldValue object. The FieldValue object has 
no constructor. The corresponding ABAQUS syntax is: 
“odb.steps[name].frames[i].fieldOutputs[name].values[i]”.  
 
The FieldValue object has the following members: 
 
1. sectionPoint : A SectionPoint object. 
2. data : A Float or a sequence of Floats in the form described by type. 
3. instance : An OdbInstance object specifying the part to which the labels belong.  
4. elementLabel : An Int specifying the element label of the element containing the location.  
5. integrationPoint : An Int specifying the integration point in the element. 
 
Leaf objects are used to specify the items in a display group. Leaf objects are constructed as 
temporary objects, which are then used as arguments to DisplayGroup commands. The 
“remove” method removes the specified items from the display group. It requires a Leaf 
object (as an argument), for specifying the items to remove from the display group. 
 
for value in fv1.values: 
            if (value.sectionPoint.number==2): 
                if (value.data==1 ): 
                    Instance = value.instance 
                    Elem = value.elementLabel 
                    IntegrationPoint = value.integrationPoint 
                    SectionPoint = value.sectionPoint            
vp.odbDisplay.displayGroup.remove(Leaf(ALL_SURFACES)) 
 
The code line following the comment lines in this paragraph, corresponds to the GUI 
operations: "Tools->display group-> manager. Then in the GUI titled "ODB Display Group 
Manager": Create-> Choose item as "ELements", Choose Selection Method as "Element 
Labels". In the data box for "labels:" type the element labels". However instead of typing the 
element labels, the variable Elem has been used here.   
 
                    leaf =LeafFromElementLabels(partInstanceName=Instance.name, 
                    elementLabels=(Elem, )) 
 
The SetColor method specifies the colour of a Leaf object. Use fillColor: red 
  
                    vp.odbDisplay.setColor(leaf=leaf, fillColor='Red') 
 
The DeformedShapeOptions object stores values and attributes associated with a deformed 
shape plot. The DeformedShapeOptions object has no constructor command. The 
corresponding ABAQUS syntax is 
“session.viewports[name].odbDisplay.deformedShapeOptions”. ABAQUS scripting 
command reference defines elementShrinkFactor as follows. "An Int specifying the 
percentage to shrink the elements when elementShrink=ON". 
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                    vp.odbDisplay.deformedShapeOptions.setValues(renderStyle=FILLED, 
                    elementShrink=ON, elementShrinkFactor=0.15) 
 
Display options for the odb object : Use the setPlotMode method to use the “undeformed 
shape” as the plot mode when displaying the model. (This also corresponds to the GUI 
operation: Plot-> undeformed shape) 
 
vp.odbDisplay.setPlotMode(UNDEFORMED_SHAPE) 
 
The following code line corresponds to the GUI operation "Auto-fit-view". 
 
vp.view.fitView() 
 
The UndeformedShapeOptions object stores values and attributes associated with an 
undeformed shape plot. The UndeformedShapeOptions object has no constructor command. 
The corresponding ABAQUS syntax is 
“session.viewports[name].odbDisplay.undeformedShapeOptions”. The setValues method 
modifies the UndeformedShapeOptions object. 
 
session.viewports['Viewport: 1'].odbDisplay.undeformedShapeOptions.setValues( 
    renderStyle=FILLED) 
 
 
The View object stores view settings for custom (both predefined and user-defined) views. 
The corresponding ABAQUS syntax is “session.viewports[name].view”. The View method 
creates a View object. The corresponding ABAQUS syntax is “session.View”. The following 
code line corresponds to the GUI operation : View-> and then select "Apply Front View". 
 
session.viewports['Viewport: 1'].view.setValues(session.views['Front']) 
 
 
A.2 Script 2 
 
This script does the following. Given a node set, for each frame, the script finds the sum of 
reaction forces in X-direction of all the nodes in the node set. Print time and this sum for all 
the frames. 
 
To execute the script:  
 
type abaqus python this script_file_name ABAQUS_odb_file_name, at the system prompt.  
 
The user must supply the ABAQUS .odb file name, the node set name, number of nodes in the 
node set. Include the following sentence so that the Odb objects, methods, and members are 
available to the ABAQUS Scripting Interface script.  
 
from odbAccess import * 
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Open the ABAQUS output .odb file. At this point, the odb object is created. In the following 
code line, the Odb object is referred to by the variable odb. 
 
odb = openOdb(path='type the ABAQUS output .odb file name here') 
 
There is only one root assembly in an output database. The root assembly can be accessed 
through the OdbAssembly object. rootAssembly is a member of the Odb object. There is no 
constructor for the OdbAssembly object. Corresponding ABQUS syntax : odb.rootAssembly. 
The following code line assigns a variable (endSet) to the 'UX_APPL' node set in the PART-
1-1 part instance.  
 
endSet = odb.rootAssembly.instances['PART-1-1'].nodeSets['Type the node set name here'] 
 
Set the variable rf1 to 0.0 
 
rf1=0 
 
The range() function can be used to generate a list containing a sequence of integers. Find the 
sum of reaction forces of all the nodes in the variable endSet. Use the for statement for this 
purpose. 
 
The HistoryPoint constructor can be used to create a point. The required argument for 
“getHistoryRegion” is a HistoryPoint. The return value from “getHistoryRegion” is a 
HistoryRegion object. For the node in nodeSet UX_APPL, get historyRegion. The 
HistoryRegion object is referred to by the variable RfHistories. 
 
NOTE : Field output is associated with a frame. However, history output is associated with a 
step. 
 
Current value of rf1 = previous value of rf1 + the reaction force RF1 of node [i]. 
 
for i in range(0,type the number of nodes in the node set): 
           histPoint = HistoryPoint(node=endSet.nodes[i]) 
           rfHistories = odb.steps['Step-1'].getHistoryRegion( 
            point=histPoint) 
           rf1 = rf1+rfHistories.historyOutputs['RF1'] 
 
Print the following to the DOS window. 
Time   RF1 (total) 
 
There are n dataPairs where n is the number of frames in the output database. For each 
dataPair in rf1.data, print dataPair[0], dataPair[1], where, dataPair[0] is the time, dataPair[1] is 
the sum of reaction forces in x-direction. 
 
print 'Time   RF1 (total) ' 
for dataPair in rf1.data: 
    print "%5.4f  %5.2f"%(dataPair[0], dataPair[1]) 
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A.3 Script 3 
This script creates a text file containing data needed for generating TMM damage figures. 
 
The script asks the user to enter the following (see figure 1). 
 
(i) section point number 
(ii) step name 
(iii) frame number 
(iv) text file name 
 
 
 
 
 
Figure A.1 Executing the script in a DOS window 
 
 
Include the following line, so that it is possible to access and manipulate data in the output 
database. 
 
from odbAccess import * 
 
Import “os” so that os.path.exists can be used in this script. Import “sys” so that sys.exit can 
be used in this script.  
 
import os, sys 
 
Check to see if the output database supplied by the user exists. If no output database file name 
is provided while executing this script in the DOS prompt, print an error message. If the 
output database file does not exist, print an error message. 
 
try: 
    odbPath = sys.argv[1] 
except: 
    print 
    print '***ERROR: No output database file name specified' 
    sys.exit() 
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if not (os.path.exists(odbPath)): 
    print 
    print '***ERROR: Output database file', odbPath, \ 
   'does not exist in the current directory' 
    sys.exit() 
   
 
try: 
    odb = openOdb(path=odbPath) 
except: 
    print 
    print '***ERROR: Output database file', odbPath, \ 
   'does not exist in the current directory -- process terminating' 
    sys.exit() 
 
The functEndProgram() function can be used in another function if the user wants a 
conditional exit. The odb is closed and then the program terminates. 
 
def functEndProgram(): 
    odb.close() 
    sys.exit() 
 
The function functContinueProgram prints the message “Do you wish to try again 
[y/n(default)]:” in the DOS prompt. The user needs to type y or n. This function has been used 
in other functions in this script. 
 
def functContinueProgram(): 
    dec = raw_input('Do you wish to try again [y/n(default)]: ') 
    if (dec != 'y' and dec != 'Y'): 
 functEndProgram() 
    return 1 
 
 
Ask the user to supply a section point number. Convert the section point number supplied by 
the user to an integer. If the user supplies a section point number less than 1, then print an 
error message. 
 
def functSectionPointNumber(): 
     
    print 
    secPoint1 =int( raw_input('Enter the section point number for '\ 
         'which you need to extract results: ')) 
  
    if (secPoint1 < 1): 
 print 
 print '***ERROR: Section point number cannot be zero or less than zero' 
 
 functContinueProgram() 
 functSectionPointNumber() 
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    return secPoint1 
secPoint = functSectionPointNumber() 
 
 
 
Define a recursive function. The function makes a call to itself. The raw_input([prompt])  
function reads a line from the user. Ask the user to supply a step name and assign this step 
name to the variable stepName. 
 
Errors detected during execution are called exceptions. The try statement works as follows. 
The code lines between "try" and "except" are executed. If an exception does not happen, the 
program skips the except clause and executes the try statements. If the program encounters an 
exception, while executing the try clause, the rest of the clause is skipped. 
 
Check to see if the step name exists in the database. Use try...except. Use an expression-less 
except clause. An expression-less except clause matches any exception. Leave the current 
function call with StepName as the return value.  
 
def functStepName(): 
 
    print 
 
    stepName = raw_input('Please choose a step name: ') 
    try: 
 odb.steps[stepName] 
    except: 
 print 
 print '***ERROR: A step named %s does not exist in the output '\ 
       'database %s' % (stepName, odbPath) 
        functContinueProgram() 
 functStepName() 
    stepName_2=stepName 
    return stepName_2 
 
print 
print 'The following are the steps that are defined in the model:' 
print 
for name in odb.steps.keys(): 
    print name 
 
stepName_3 = functStepName() 
 
 
Use the variable stepName_3 as the argument as follows. 
 
step = odb.steps[stepName_3] 
 
 
Ask the user to supply a frame number and assign this frame number to the variable 
frameNumber. Use the raw_input function for this purpose. Int() function converts the user 
supplied frame number to an integer. Check to see if the frame number exists in the database. 
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If the frame number entered by the user does not exist, then print a message. Leave the current 
function call with frameNumber as the return value. 
 
NOTE : ABAQUS convention : The base frame is frame number 0, and the results run from 1. 
Increment 0 corresponds to the base frame. 
 
def functFrameNumber(): 
    print 
    frameNumber = int(raw_input('Enter the frame number for which you want '\ 
    'to extract the results: ')) 
    if frameNumber: 
 try: 
     step.frames[frameNumber-1] 
 except: 
     print 
     print '***ERROR: Frame number', frameNumber, 'does not exist' 
 
     functFrameNumber() 
    else: 
 
 print 
 print '***ERROR: Frame number cannot be zero or less than zero' 
 
 functFrameNumber() 
    return frameNumber 
 
 
If the output database file contains no frames, print a message. If the output database file 
contains frames, then inform the available number of frames to the user. 
 
numberOfFrames = len(step.frames) 
if (numberOfFrames == 0): 
    print 
    print '***ERROR: The output database file contains no frames '\ 
   '-- process terminating' 
    functEndProgram() 
print 
print 'Total number of frames available in the output database '\ 
      'file is ',  numberOfFrames 
print '***NOTE: Frame 1 corresponds to the zero increment' 
 
Use the function functFrameNumber to assign the user supplied frame number to the variable 
frameNumber. 
 
frameNumber = functFrameNumber() 
 
Use the variable frameNumber as the argument as follows. 
     
frame1Step1 = step.frames[frameNumber-1] 
 
The following code line defines a variable titled "fieldvariable1Field". 
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fieldvariable1Field = frame1Step1.fieldOutputs['FV1'] 
 
Ask the user to enter a file name. 
 
textFileName = raw_input('Please enter the new text file name: ') 
 
Open the file. 
 
output= open(textFileName, 'a') 
 
In current case, fieldvariable1Field.values contains only one value (FV1). This script has been 
tested for an ABAQUS output database file for which fieldvariable1Field.values contains only 
one value (FV1). Assign the element label to the variable elementLabel. Check for the value 
of FV1. If this value is 1.0, print the elementLabel. Write element label, the value of FV1 to 
the file. Close the file. Save the odb. Close the odb. 
 
for value in fieldvariable1Field.values: 
    elementLabel = value.elementLabel 
    if (value.data == 1.0 and value.sectionPoint.number==secPoint): 
                  print elementLabel 
                  output.write('%s, %s \n'% (elementLabel,value.data )) 
 
Close the file. 
 
output.close() 
 
Save the odb. 
 
odb.save() 
 
Close the odb. 
 
odb.close() 
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Appendix B AWK program for extracting failed elements (TFM 
mode) 
 
This appendix describes an AWK program for extracting elements (from an ABAQUS output 
file) with condition that all integration points have failed in TFM mode. NOTE : All the 8 
integration points of an element must fail in TFM mode, for  the element to be treated as 
failed element. 
 
This awk program can be used for tensile fibre mode failure only. However, minor 
modifications to the program can be made so that elements failed in any other mode can be 
extracted. Table B.1 lists the damage modes and the corresponding field variables. Table B.2 
lists the damage parameters and the corresponding field variables. 
 
Table B.1: Damage modes and field variables  
Damage mode Field variable 
            TMM FIELD(1) 
 CMM FIELD(2) 
 TFM FIELD(3) 
 CFM FIELD(4) 
 
Table B.2 Damage parameters and field variables 
Damage parameter Field variable 
 DP12 (in 12 shear) FIELD(5) 
 DP13 (in 13 shear) FIELD(6) 
 
 
As an example, let us consider that the ABAQUS output data file contains data as shown in 
figure B.1. As can be seen, the data are in an 8-column format. FV3=1.0 indicates a tensile 
fibre mode (TFM) failure. The objective of the awk programs is to find out the elements, for 
which all the 8 integration points have failed in TFM mode. 
 
   THE FOLLOWING TABLE IS PRINTED FOR ALL ELEMENTS WITH TYPE C3D8 AT 
THE INTEGRATION POINTS 
 
 ELEMENT  PT FOOT-       FV1         FV2         FV3         FV4         FV5         FV6      
             NOTE  
 
    3916   1          0.000       0.000       0.000       0.000      4.2043E-07   0.000     
    3916   2          0.000       0.000       0.000       0.000      6.0277E-07   0.000     
    3916   3          0.000       0.000       0.000       0.000      9.1902E-07   0.000     
    3916   4          0.000       0.000       0.000       0.000      1.5240E-06   0.000     
    3916   5          0.000       0.000       0.000       0.000      4.1696E-07   0.000     
    3916   6          0.000       0.000       0.000       0.000      5.9864E-07   0.000     
    3916   7          0.000       0.000       0.000       0.000      9.0965E-07   0.000     
    3916   8          0.000       0.000       0.000       0.000      1.5094E-06   0.000     
    3917   1          0.000       0.000       0.000       0.000      9.3866E-06   0.000     
    3917   2          0.000       0.000       0.000       0.000      9.3464E-06   0.000     
 
Figure B.1: partial data taken from an ABAQUS output file 
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To refer to a field, awk program uses a $ sign followed by the field number. For example in 
the following line, $1=3916, $2=1, $3=0.000, $4=0.000,  $5=0.000,  $6=0.000, $7=4.2043E-
07, $8=0.000.  
 
    3916   1          0.000       0.000       0.000       0.000      4.2043E-07   0.000     
 
In awk, $0 represents a single line. For extracting the failed elements from an ABAQUS data 
file the following procedure can be followed.  
 
(i) Choose an increment number. Open the ABAQUS output file and then copy the lines 
containing field variable values, for that increment. Paste these lines into a file named 
"all_damage_file". 
 
(ii) Use the following awk command to print ONLY column-1 and column-5 to 
 a file "tfm_damage_file". 
 
 awk '($5 == 1.000){print $1,$5}' all_damage_file > tfm_damage_file  
 
(iii) If all the 8 integration points of an element have failed, the element number, the FV3 
value are written to the file, "tfm_plot_data". Indirectly this condition means that in the file 
“tfm_damage_file”, only the lines which appear 8 times, are printed to the file 
“tfm_plot_data”. 
 
This can be done using the following awk command: 
 
awk -f awk_ctrl_nu_int_pts  tfm_damage_file > tfm_plot_data 
 
Note : In AWK program, the index of an array can be a string. In awk, it is not necessary to 
specify the array size. 
 
The data array is indexed by the text of each line. For the first line in the data file, create the 
array, data[first line]. If the second line matches the first line exactly, then data[first_line (or 
second_line)] = 1. If the first line, second line and the third line are exactly the same, 
data[first_line or second line or third line]=2. Similarly, if one line in the file, appears 8 times, 
then the condition “data[$0]++=7” is satisfied. This line is then stored in the array lines. This 
line is then printed. 
 
(The following 8 code lines must appear in the file awk_ctrl_nu_int_pts .) 
{ 
    if (data[$0]++ == 7) 
        lines[++count] = $0 
} 
END { 
    for (i = 1; i <= count; i++) 
        print lines[i] 
} 
 
(iv) The file "tfm_plot_data" will now contain two columns. Column-1 represents the failed 
element (all 8 integration points have failed). Column-2 represents FV3 value (1.000 for all 
elements). 
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Appendix C: EXCEL Software Which Aids an Analyst for 
Implementation of Shear nonlinearity and Transverse 
Nonlinearity into ABAQUS 
 
C.1 Introduction 
A damage analysis using ABAQUS involves the following tasks. 
 
1. The user needs to generate the necessary ABAQUS data lines under the ELASTIC 
option of ABAQUS. 
2. If a multi-linear approximation approach is used for approximating the shear 
nonlinearity and the transverse nonlinearity, then the following code lines need to be 
generated. 
 
(a) code lines defining the relationship between shear strain and the field variable 
representing the shear nonlinearity, 
(b) code lines defining the relationship between transverse strain and the field 
variable representing the transverse nonlinearity.  
 
An EXCEL software was developed to automate these tasks. Currently, the software is 
capable of generating the ABAQUS data lines for the following cases. 
 
 
(i) no shear nonlinearity, no  transverse nonlienarity 
(ii) shear nonlienarity approximated using 3 linear segments, no transverse 
nonlinearity 
(iii) shear nonlienarity approximated using 4 linear segments, no transverse 
nonlinearity 
(iv) transverse nonlinearity (approximated using 2 linear segments), no shear 
nonlinearity 
(v) 3 linear segments for transverse nonlinearity and 4 linear segments for shear 
nonlinearity 
 
The software can also generate the code lines needed in the USDFLD program for 
implementation of the transverse nonlinearity using 6 linear segments. 
 
These six functionalities of the software are described next. 
 
C.2 Automatic generation of the code lines needed in the USDFLD 
program for implementation of the transverse nonlinearity using 6 
linear segments 
 
Figure C.1 shows the spread sheet setup for generating the code lines needed in the USDFLD 
program for implementation of the transverse nonlinearity using 6 linear segments. In this 
figure, the user needs to enter data as follows. Transverse strains at 7 points need to be entered 
in cells A5,A6,A7,A8,A9,A10,A11. Secant transverse moduli at 7 points need to be entered in 
cells B5,B6,B7,B8,B9,B10,B11. Field variable values need to entered in cells 
C5,C6,C7,C8,C9,C10,C11. 
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Figure C.1 Generation of the code lines needed in the USDFLD program 
 
 
C.3 Automatic generation of the ABAQUS data lines (no shear 
nonlinearity, no transverse nonlinearity) 
 
Figure C.2 shows the spread sheet setup for  generating the ABAQUS data lines when shear 
nonlinearity and transverse nonlinearity are absent in the analysis. There are 2 macros (pda_1, 
pda_2). The user needs to run the macro pda_1 only once. The user needs to enter data as 
shown in table C.1. Then the user needs to run pda_2. If desired, the user can change the data 
and then the user needs to run pda_2. 
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Figure C.2 Spread sheet for generating necessary ABAQUS data lines (no shear 
nonlinearity, no transverse nonlinearity) 
 
 
Table C.1 Data entry for figure C.2 
 
Damaged or undamaged 
values 
Cell 
Undamaged value of EX A5 
Damaged value of EX A6 
Undamaged value of EY B5 
Damaged value of EY B6 
Undamaged value of NUXY C5 
Damaged value of NUXY C6 
Undamaged value of G12 D5 
Damaged value of G12 D6 
Undamaged value of G13 E5 
Damaged value of G13 E6 
Undamaged value of G23 F5 
Damaged value of G23 F6 
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C.4 Automatic generation of the ABAQUS data lines with shear 
nonlinearity (approximated using 3 linear segments), no 
transverse nonlinearity 
 
 
Figure C.3 shows the spread sheet setup for generating the ABAQUS data lines when shear 
nonlinearity is present but transverse nonlinearity is absent in the analysis. Shear nonlinearity 
is implemented using 3 linear segments. In this case there are 4 points (figure C.4). 
Accordingly the user needs to enter secant shear moduli at the four points in row 8. The user 
needs to enter other data as shown in table C.2. Then, the macros PDA_1, PDA_2 need to be 
run to generate the data lines. 
 
 
 
 
Figure C.3: Spread sheet for generating necessary ABAQUS data lines (shear 
nonlinearity approximated using 3 linear segments, no transverse nonlinearity) 
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Figure C.4 Approximation of the non-linear portion of the secant shear modulus versus 
shear strain curve using 3 linear segments 
 
 
Table C.2 Data entry for figure C.3 
 
Undamaged or Damaged 
values 
Cell 
Undamaged value of EX A11 
Damaged value of EX A12 
Undamaged value of EY B11 
Damaged value of EY B12 
Undamaged value of NUXY C11 
Damaged value of NUXY C12 
Undamaged value of G13 E11 
Damaged value of G13 E12 
Undamaged value of G23 F11 
Damaged value of G23 F12 
Damaged shear modulus  D12 
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C.5 Automatic generation of the ABAQUS data lines with shear 
nonlinearity (approximated using 4 linear segments), no 
transverse nonlinearity 
 
Figure C.5 shows the spread sheet setup for generating the ABAQUS data lines when shear 
nonlinearity is present and is approximated using 4 linear segments, but transverse 
nonlinearity is absent in the analysis. The field variable values for this case are shown in 
figure C.6. Secant shear moduli at five points (in row 8) are needed from the user. In addition, 
the user needs to enter other data as shown in table C.3. Then, the macros PDA_1, PDA_2 
need to be run to generate the data lines. 
 
 
 
 
 
 
Figure C.5: Spread sheet for generating necessary ABAQUS data lines (shear 
nonlinearity approximated using 4 linear segments, no transverse nonlinearity) 
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Figure C.6 Approximation of the non-linear portion of the secant shear modulus versus 
shear strain curve using 4 linear segments 
 
 
Table C.3 Data entry for figure C.5 
 
Undamaged or Damaged 
values 
Cell 
Undamaged value of EX A11 
Damaged value of EX A12 
Undamaged value of EY B11 
Damaged value of EY B12 
Undamaged value of NUXY C11 
Damaged value of NUXY C12 
Undamaged value of G13 E11 
Damaged value of G13 E12 
Undamaged value of G23 F11 
Damaged value of G23 F12 
Damaged shear modulus  D12 
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C.6 Automatic generation of the ABAQUS data lines with 
transverse nonlinearity (approximated using 2 linear segments), 
no shear nonlinearity 
 
Figure C.7 shows the EXCEL sheet (with 2 macros) for automatic generation of the ABAQUS 
data lines when transverse nonlinearity is present and is approximated using 2 linear 
segments, but shear nonlinearity is absent in the analysis. The field variable values for the 
three points in this case are shown in figure C.8. The user needs to enter the secant transverse 
moduli of the three points in row 8. The user needs to enter the data as shown in table C.4 
also. 
 
Then the user needs to carry out the following. 
 
(i) Run macro pda_1 only once. 
(ii) Run macro pda_2. 
(iii) Change values such as undamaged values, damaged values, 
       secant transverse moduli values (at three points), if desired. 
(iv) Run macro pda_2. 
 
 
 
 
 
 
Figure C.7: Spread sheet for generating necessary ABAQUS data lines (transverse 
nonlinearity approximated using 2 linear segments, no shear nonlinearity) 
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Figure C.8 Approximation of the non-linear portion of the secant transverse modulus 
versus transverse strain curve using 2 linear segments 
 
 
Table C.4 Data entry for figure C.7 
 
Undamaged value of EX A11 
Damaged value of EX A12 
Undamaged value of NUXY C11 
Damaged value of NUXY C12 
Undamaged value of G12 D11 
Damaged value of G12 D12 
Undamaged value of G13 E11 
Damaged value of G13 E12 
Undamaged value of G23 F11 
Damaged value of G23 F12 
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C.7 Automatic generation of the ABAQUS data lines with 
transverse nonlinearity and shear nonlinearity (3 linear segments 
for transverse nonlinearity and 4 linear segments for shear 
nonlinearity) 
 
Figure C.9 shows the EXCEL sheet (with 3 macros) for automatic generation of the ABAQUS 
data lines when transverse nonlinearity is approximated using 3 linear segments, shear 
nonlinearity is approximated using 4 linear segments. The user needs to enter secant shear 
moduli at the five points in row 14. Secant transverse moduli at 4 points need to be entered in 
row 10. The user needs to enter other data as shown in table C.5 also. Then, the macros 
PDA_1(a), PDA_1(b), PDA_2 need to be run to generate the data lines. 
 
 
 
 
Figure C.9 Spread sheet for generating necessary ABAQUS data lines (transverse 
nonlinearity approximated using 3 linear segments, shear nonlinearity approximated 
using 4 linear segments) 
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Table C.5 Data entry for figure C.9 
 
 
Undamaged value of EX A17 
Damaged value of EX A18 
Undamaged value of NUXY C17 
Damaged value of NUXY C18 
Undamaged value of G13 E17 
Damaged value of G13 E18 
Undamaged value of G23 F17 
Damaged value of G23 F18 
Damaged value of EY B18 
Damaged value of G12 D18 
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Appendix D: ABAQUS File for Single Solid Element Test (S2 
Glass, 90) 
 
This appendix describes the ABAQUS input file for the case of single solid element test (S2 
Glass, 90).  
 
NOTE : All geometric dimensions are in mm. Postprocessed displacement values from this 
input file are in mm. Postprocessed reaction force from this input file is in N.  
 
The HEADING option prints a heading in the .dat file. 
 
*HEADING 
ABAQUS job created on 02-Dec-03 at 22:50:07 
 
Define 8 nodes. 1st column is the node number. 2nd column is the first coordinate, 3rd column 
is the second coordinate, 4th column (if present) is the 3rd coordinate. 
 
*NODE 
       1,            0.,            0. 
       2,            1.,            0. 
       3,            0.,            1. 
       4,            1.,            1. 
       5,            0.,            0.,            1. 
       6,            1.,            0.,            1. 
       7,            0.,            1.,            1. 
       8,            1.,            1.,            1. 
 
Define one C3D8 type element (element number 1) by specifying 8 nodes. This element is 
then assigned to the element set PROP. The element set name will be used in the SOLID 
section option. 
 
*ELEMENT, TYPE=C3D8, ELSET=PROP 
       1,       1,       2,       4,       3,       5,       6, 
       8,       7 
 
Assign the nodes 2,4,6 and 8 to a node set titled “UX_APPL”. These nodes are the nodes on 
which x-displacement of 0.01 mm is applied. This node set is used in the NODE PRINT 
option, so that a sum of x-direction reaction forces of these nodes can be requested. 
 
*NSET, NSET=UX_APPL 
       2,       4,       6,        8 
 
Define a local rectangular coordinate system named “OID1”. This system is then used in the 
SOLID SECTION option. A rectangular Cartesian system is defined by its origin and two 
points a and b.  
 
First line : X, Y, Z coordinates of point a, X, Y, Z coordinates of point b. 
Second line : Local direction about which the additional rotation  is given (3), additional 
rotation (90). 
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*ORIENTATION, SYSTEM=R, NAME=OID1 
          1.,          0.,          0.,          0.,          1.,          0. 
       3,         90. 
 
 
Define properties of the single solid element. The material behaviour applies to the element 
set “PROP”. Use S2_Glass material for this element. In our case the material is anisotropic. 
To define an anisotropic material, the orientation parameter is used. 
 
*SOLID SECTION, ELSET=PROP, MATERIAL=S2_GLASS, ORIENTATION=OID1 
          1., 
 
The EQUATION option is used to define linear multi-point constraints in the form of an 
equation. Implement the following equation into ABAQUS. 
 
(-1)*(2nd degree of freedom for Node 7) + 1.0 *(2nd degree of freedom for Node 8) =0 
 
*EQUATION 
    2 
       7,2,     -1.,       8,2,      1. 
 
(-1)*(2nd degree of freedom for Node 3) + 1.0 *(2nd degree of freedom for Node 4) =0 
 
*EQUATION 
    2 
       3,2,     -1.,       4,2,      1. 
 
(-1)*(3rd degree of freedom for Node 7) + 1.0 *(3rd degree of freedom for Node 8) =0 
 
*EQUATION 
    2 
       7,3,     -1.,       8,3,      1. 
 
(-1)*(3rd degree of freedom for Node 5) + 1.0 *(3rd degree of freedom for Node 6) =0 
 
*EQUATION 
    2 
       5,3,     -1.,       6,3,      1. 
 
Material definition starts with the *MATERIAL option. A name of the material is necessary.  
The *SOLID SECTION option uses a material name. In our case, name of the material is 
S2_Glass. 
 
*MATERIAL, NAME=S2_GLASS 
 
For the ELASTIC option, set TYPE=ENGINEERING CONSTANTS and supply the 
generalized Young's moduli, the Poisson's ratios, and the shear moduli in the principal 
directions. The moduli and the Poisson’s ratios are dependent on six field variables. Therefore 
the DEPENDENCIES parameter is set to 6.  
 
*ELASTIC, TYPE=ENGINEERING CONSTANTS, DEPENDENCIES=6 
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51500.,10000.,10000.,0.280,0.280,0.5,2900.,2900. 
2900.,0.,0,0,0,0,0,0 
(According to the ABAQUS manual, the two data lines correspond to one set of data lines. 
 
This set of data lines corresponds to one combination of field variable values: 
field variable 1= field variable 2= field variable3 = field variable 4= field variable 5 = field 
variable 6=0.0. 
 
Actually in the single element test case, there are 31 more (total 32) combinations and hence 
there are 31 more sets of data lines. These sets of data lines are not shown here.) 
 
Use the DEPVAR option to allocate space at each integration point for the solution dependent 
state variables. In our case, the number of solution dependent state variables is 6. 
 
*DEPVAR 
6,  
 
The USER DEFINED FIELD option is used to redefine field variables at a material point, 
within an increment via user subroutine USDFLD. 
  
*USER DEFINED FIELD 
 
The STEP option is used to begin each step definition. Set AMPLITUDE=RAMP so that the 
load magnitude varies linearly over the step, from the value at the end of the previous step (or 
zero, at the start of the analysis) to the value given on the loading option. The maximum 
number of increments in the step is set to 1000. The first line for the STEP option is a 
subheading for the step. The subheading can be several lines long, but only the first 80 
characters of the first line will be saved and printed as a subheading. In our case, the 
subheading consists of two lines. 
 
*STEP, AMPLITUDE=RAMP, INC=1000 
Linear Static Analysis 
** 
This load case is the default load case that always appears 
 
The STATIC option is used to indicate that the step should be analysed as a static load step. 
The DIRECT parameter selects direct user control of the incrementation through the step. Use 
constant increments of size 0.001. Time period of the step is 1.0. 
 
*STATIC, DIRECT 
       0.001,          1. 
** 
 
The NSET option assigns nodes to a node set. Node 1 is assigned to the node set name 
“NODE1”. 
 
*NSET, NSET=NODE1 
       1, 
 
Node 3 is assigned to the node set name “NODE3”. 
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*NSET, NSET=NODE3 
       3, 
 
Node 5 is assigned to the node set name “NODE5”. 
 
*NSET, NSET=NODE5 
       5, 
 
Node 7 is assigned to the node set name “NODE7”. 
 
*NSET, NSET=NODE7 
       7, 
 
Node 8 is assigned to the node set name “NODE8”. 
 
*NSET, NSET=NODE8 
       8, 
 
Node 2 is assigned to the node set name “NODE2”. 
 
*NSET, NSET=NODE2 
       2, 
 
Node 4 is assigned to the node set name “NODE4”. 
 
*NSET, NSET=NODE4 
       4, 
 
Node 6 is assigned to the node set name “NODE6”. 
 
*NSET, NSET=NODE6 
       6, 
 
The BOUNDARY option is used to specify boundary conditions at nodes. “OP=NEW “ 
indicates that all the boundary conditions are re-specified. For node set “NODE1” constrain 
degrees of freedom 1,2,3. 
 
*BOUNDARY, OP=NEW 
NODE1, 1,,          0. 
NODE1, 2,,          0. 
NODE1, 3,,          0. 
 
For node set “NODE3” constrain degrees of freedom 1,3. 
 
*BOUNDARY, OP=NEW 
NODE3, 1,,          0. 
NODE3, 3,,          0. 
 
For node set “NODE5” constrain degrees of freedom 1,2. 
 
*BOUNDARY, OP=NEW 
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NODE5, 1,,          0. 
NODE5, 2,,          0. 
 
For node set “NODE7” constrain degrees of freedom 1. 
 
*BOUNDARY, OP=NEW 
NODE7, 1,,          0. 
 
For node set “NODE8” apply x-displacement of 0.01 mm. 
 
*BOUNDARY, OP=NEW 
NODE8, 1,,        0.01 
 
For node set “NODE2” apply x-displacement of 0.01 mm. For this node set constrain degrees 
of freedom 2 and 3. 
 
*BOUNDARY, OP=NEW 
NODE2, 1,,        0.01 
NODE2, 2,,          0. 
NODE2, 3,,          0. 
 
For node set “NODE4” apply x-displacement of 0.01 mm. For this node set constrain degree 
of freedom 3. 
 
*BOUNDARY, OP=NEW 
NODE4, 1,,        0.01 
NODE4, 3,,          0. 
 
For node set “NODE6” apply x-displacement of 0.01 mm. For this node set constrain degree 
of freedom 2. 
 
*BOUNDARY, OP=NEW 
NODE6, 1,,        0.01 
NODE6, 2,,          0. 
 
No concentrated loads are applied. 
 
*CLOAD, OP=NEW 
 
No distributed loads are applied. 
 
*DLOAD, OP=NEW 
 
No temperature is specified for our model. 
 
*TEMPERATURE, OP=NEW 
** 
 
Use the NODE PRINT option for printed output of U1, RF1 for the node set “UX_APPL”. 
Use output frequency = 1. TOTALS=YES indicates that sum of U1 and sum of RF1 will be 
printed. 
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*NODE PRINT, FREQ=1,NSET=UX_APPL,TOTALS=YES 
U1,RF1 
 
The NODE FILE option can be used to choose nodal variables that will be written to the 
results (.fil) file. The FREQ parameter is used to set the output frequency. However, in our 
case, no output is requested. 
 
*NODE FILE, FREQ=1 
**U, 
 
 
No printed output of element variables at integration points is requested. 
 
*EL PRINT, POS=INTEG, FREQ=1 
**S, 
**E, 
 
POSITION =NODES indicates that the values are extrapolated to the nodes of the element. 
No printed output of these values are requested. 
 
*EL PRINT, POS=NODES, FREQ=0 
 
The EL FILE option is used to select the variables to be written to the results (.fil) file. 
DIR=YES, POS=NODES : No variables requested for this case. 
 
*EL FILE, DIR=YES, POS=NODES, FREQ=0 
 
NOTE: For the EL PRINT option, “POS=CENTR” can be used so that the values are printed 
at the centroid of the element. However, no variables requested for this case. 
 
*EL PRINT, POS=CENTR, FREQ=0 
 
EL FILE option : 
DIR=YES, POS=CENTR : No variables requested for this case. 
 
*EL FILE, DIR=YES, POS=CENTR, FREQ=0 
 
NOTE : For the EL PRINT option, “POS=AVERAGE” can be used so that the values being 
printed are the averages of values extrapolated to the nodes of the elements in the set. 
However, no variables requested for this case. 
 
*EL PRINT, POS=AVERAGE, FREQ=0 
 
EL FILE option: 
POS=AVERAGE : No variables requested for this case. 
 
*EL FILE,  POS=AVERAGE, FREQ=0 
 
The MODAL PRINT option is used during modal dynamic procedures and therefore is not 
relevant to our single element test. 
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*MODAL PRINT, FREQ=99999 
 
The MODAL FILE option is used during modal dynamic or eigenvalue extraction procedures 
and therefore is not relevant to our single element test. 
 
*MODAL FILE, FREQ=99999 
 
Summary of the total energy content for the whole model to the data (.dat) file: not requested 
 
*ENERGY PRINT, FREQ=0 
 
Summary of the total energy content for the whole model to the results (.fil) file: not requested 
 
*ENERGY FILE, FREQ=0 
 
The frequency for detailed printout in the message (.msg) file is set to 1. 
 
*PRINT, FREQ=1 
 
Step definition ends with the *END STEP option. 
 
*END 
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